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ABSTRACI' 
Due to environmental concerns, several refrigerants currently used by the 
air-conditioning and refrigeration industry are expected to be gradually 
phased-out by the tum of the century. Possible ozone-safe replacement 
refrigerants such as R-134a are being . tested to determine their heat transfer 
and pressure drop characteristics. A computer simulation modeling a typical 
air-cooled condenser was developed with the goal of providing a faster and 
less costly alternative to experimental testing. It consists of dividing the total 
condenser length into an arbitrary number of modules and solving the 
residual equations obtained from momentum and energy balances on those 
modules. Existing correlations are used to calculate refrigerant heat transfer 
coefficients and pressure drop. Air side heat transfer coefficients are 
evaluated with a correlation developed from experimental data. The input 
parameters include the condenser's geometric dimensions as well as air and 
refrigerant inlet conditions. The total capacity and refrigerant pressure drop 
are calculated, in addition to the length of tube occupied by superheated, 
condensing and sub-cooled refrigerant. The simulation was validated with an 
experimental test matrix covering a wide range of conditions. The difference 
between the calculated and the experimental capacities was within 25% for all 
test conditions, and within 10% for 86% of them. The larger discrepancies 
were observed at low air flow rates, suggesting possible experimental errors 
due to air stratification. The calculated pressure drops were not in agreement 
with the experimental results, and further testing of the two-phase 
. refrigerant correlations used is required. 
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CHAPTER 1 

INTRODUCTION 

Growing concern over the harmful effects of some refrigerants on the 
environment has resulted in an international effort to replace them. The two 
most recently known or suspected environmental phenomena related to 
refrigerant use are ozone depletion and the "greenhouse effect". Ozone 
depletion occurs when the chlorine from halocarbons breaks down the ozone 
layer, reducing the absorption of potentially harmful ultraviolet radiation 
from the sun. Both halogenated chlorofluorocarbons (e.g., CFC R-12) and 
halogenated hydrocarbons (e.g., HCFC R-22) contribute to ozone depletion. 
The effects associated with the CFC's are more severe, however, because they 
rise up to the stratosphere where the ozone problem takes place. HCFC's are 
less stable and generally break down at the lower atmosphere before reaching 
the stratosphere. 
Since the theory of ozone depletion was first postulated in the mid-1970's, it 
has been confirmed by satellite measurements of the ozone layer's decrease at 
various locations throughout the planet, as well as evidence of the increase in 
the size of the Antarctic ozone hole. These results have been recorded over a 
period of several years, and take into account any fluctuations in the ozone 
layer due to natural causes. Less scientific evidence is available concerning 
the "greenhouse effect", a phenomenon which occurs when gases in the 
atmosphere, such as CFC's and carbon monoxide, trap the infrared radiation 
emitted by the Earth while allowing radiant energy from the sun to reach the 
Earth's surface. Current research has been focused on the safety of new 
refrigerants with regards to ozone depletion rather than the "greenhouse" 
effect, in part because there is less evidence to support the latter. 
In 1987. twenty-four nations and the European Economic Community signed 
the Montreal Protocol on Substances that Deplete the Ozone Layer. a treaty 
calling for a 50% reduction in CFC production by the year 2000 prior to its 
eventual elimination [1]. The phaseout schedule has been accelerated from 
that proposed by the Montreal Protocol and will probably result in a greater 
2 
than 50% phaseout of the controlled CFC's by 1998 and complete elimination by 
the year 2000 [2]. A major application for CFC's is their use as refrigerants in 
vapor-compression air conditioning and refrigeration systems. As of 1985, 
33% of CFC use in the United States was related to the refrigeration industry [3]. 
It is therefore important to find alternative ozone-safe refrigerants to replace 
them. 
The introduction of energy efficiency standards in several countries, 
following rising energy prices. further complicates this task. The new 
refrigerants must be ozone-safe and have an equal. if not better, system 
performance than their CFC counterparts. The Air Conditioning and 
Refrigeration Center (ACRC) was founded at the University of Illinois at 
Urbana-Champaign in 1988. This center is funded by the National Science 
Foundation (NSF) and industry, and its goals are: " ... to contribute to the 
technology base for a new generation of equipment that must eliminate 
reliance on CFC refrigerants that are linked to stratospheric ozone depletion ... " 
and " ... to provide an opportunity for manufacturers to coordinate research and 
share results, as the international marketplace grows increasingly 
competitive in response to the energy efficiency standards being adopted by 
many countries." [4] 
Both system and component oriented research is conducted by the ACRC. In 
order to predict the performance of new refrigerants in current refrigeration 
systems, or to design new systems, it is important to develop a data base for 
their characteristics in the various system components. Part of this objective 
is being carried out by ACRC Project SP03. One of the goals of this project is to 
evaluate the condensation characteristics of refrigerant 134a, by measuring 
heat transfer and pressure drops in complete condensers. For this purpose, an 
experimental set-up has been constructed with an air-cooled condenser, in a 
loop that also includes an evaporator, a refrigerant pump and a receiver. 
Refrigerant 134a has been chosen as a possible candidate by the refrigeration 
industry because, being chlorine-free, it has no ozone-depletion potential. 
This thesis describes the computer model developed to simulate the full 
condenser used in the experimental part of the project. Such a model offers 
several advantages. Following its validation with experimental data, it may be 
3 
used to reduce the number of experimental runs and to analyze the sensitivity 
of various design parameters. These applications are related to its use as a tool 
to facilitate the project's experimental work. Further improvements in the 
model will result in a reliable simulation that could be used for design 
purposes without the need for experimental cross-checks. 
Chapter 2 describes the mathematical formulation of the model, the solution 
scheme used to solve it, and the program structure. Chapter 3 presents a 
literature review of the condensation process, heat transfer coefficient 
correlations, and pressure drop calculations for both single phase and two­
phase refrigerant. An overview of the methods used to calculate the air side 
heat transfer coefficients is also included. 
Chapter 4 gives a detailed description of all the subroutines used by the 
program and describes its performance. The model's validation is discussed in 
Chapter 5, where results obtained using various versions of the simulation are 
compared against each other and against experimental data. In addition, the 
sensitivity of several simulation parameters is analyzed. Finally, Chapter 6 
includes a number of conclusions related to the model's performance as well as 
recommendations for its further improvement. 
4 
CHAPTER 2 
MODELING CONCEPTS 
An effort was made to keep the computer simulation as general as possible, 
so that it could be used to analyze the performance of various condenser and 
refrigerant types. It was based on a typical air-cooled condenser, consisting 
of a cross-flow heat exchanger in which the refrigerant flows unmixed 
inside tubes of circular cross-section and air flows mixed over them. Only 
steady-state operating conditions were considered and further 
improvements should include the simulation of transient conditions. 
The general approach consists of dividing the total condenser length into a 
number of modules, like the one described in Figure 2.1. Several condenser 
geometries may be represented as a sequence of such modules, each one 
treated as a separate heat exchanger. 
This chapter describes the modular structure of the model and its 
mathematical formulation. The governing equations were obtained from 
energy and momentum balances on each module. A Newton-Raphson 
scheme was then used to solve the resulting set of non-linear equations. 
The following section gives a brief overview of the Newton-Raphson 
technique. 
2.1 Newton-Raphson Solution Scheme 
The Newton-Raphson method is an iterative technique used to solve systems 
of simultaneous, non-linear, algebraic equations.. It was chosen for this 
simulation because it is easy to implement and has a high probability of 
convergence, the latter depending on the initial trial values. The 
parameters used as Newton-Raphson variables in the simulation are 
physically meaningful, and therefore their initial values can be estimated 
with enough accuracy as to ensure convergence. 
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The following matrix equation is solved for every iteration: 
fl (x 1 •...• Xn)Xlt- XlcalL lli lli 

aX} aX2 aXn 

a f2 af2 af2 

aX} aX2 aXn 
 * = 
~ ~ ~ 
aX} aX2 aXn fn(x 1 •...• Xn)x nt - Xn c 
(2.1.1) 
The 't' and 'c' subscripts correspond to the trial and the solution values of 
the Newton-Raphson variables respectively. The number of equations and 
the number of unknowns. denoted by 'n'. must be equal. 
Stoecker outlined the iterative scheme as follows [5]: 
1. 	 Assume trial values for the Newton-Raphson variables (x 1 t. X2t, .. Xnt) 
and evaluate the residual functions (fl. f2. .. fn) at those values. If the 
initial guess is too far from the actual solution. the method may 
diverge. 
2. 	 Compute the partial derivatives of all functions with respect to all 

variables. In this program. this is don~ numerically. 

3. 	 Correct the Xi values. Xi.new = Xi.old - (Xi,t - Xi,c) 
4. 	 Test for convergence. The size of the residual values (f1.f2 .... ,fn) 
and/or that of the t::. x's can be compared to a minimum tolerance value. 
(This program performs both checks). If the criteria are not satisfied, 
return to step three and continue iterating. Otherwise. terminate. 
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2.2 Modular Structure of the Program 
Breaking up the condenser into a series of modules greatly simplifies the 
analysis. but it also involves a number of assumptions. Hence. an 
approximate solution is obtained whose accuracy depends on how well those 
assumptions are satisfied. 
2.2.1 Concept of a Module 
Each module is treated as a separate heat exchanger with a set of inlet and 
outlet conditions. These conditions consist of air and refrigerant properties 
such as pressure. quality. temperature and enthalpy. as shown in Figure 2.2. 
The state of the refrigerant at the inlet and outlet of the module is specified 
in terms of two variables. from which the rest of the properties can be 
calculated. The amount of heat rejected by a module and the refrigerant 
pressure change are based on the air and refrigerant inlet conditions. 
Some simplifications have been made concerning the geometry of the 
condenser tube for modeling purposes. The condenser currently used in 
the experimental set-up consists of two parallel serpentine coils with 
external fins (Figure 2.3). Each tube is represented in the simulation as a 
straight cylindrical tube section with internal and external diameters Di 
and Do respectively. The tube bends are assumed to have no effect on the 
heat transfer process. and are therefore not included in the condenser 
length. Their contribution to the overall pressure drop may be significant. 
however. but it has been neglected in this simulation. The outside tube 
surfaces. on the other hand. play an important role in terms of increasing 
the amount of heat transfer. An average outside heat transfer coefficient is 
used. related to both the fin and the exposed surfaces of the heat exchanger 
coil. 
A number of modules are arranged in series to simulate a condenser coil. 
Figures 2.4a and 2.4b show the arrangements corresponding to condensers 
with one and two tube rows respectively. Assuming no discontinuities in 
the refrigerant properties along the condenser. the values at the exit of one 
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module are the same as those at the entrance of the following one. The state 
of the refrigerant at the inlet of the first module is fixed and corresponds to 
the condenser's inlet conditions. A second tube row may be simulated in a 
similar way. The two tubes arc then related by the air temperature, the 
inlet air temperature to the modules in the back tube being a function of 
the outlet air temperature from the modules in the front tube. 
The air flow rate per unit frontal area is calculated assuming uniform air 
flow. Since the condenser tube passes are equally spaced and have a 
constant cross-sectional area, the air flow rate over a given moduLe is a 
function of the total air flow rate entering the condenser and the length of 
the module. 
Lmod 
mAmod =mAtotal -Lb (2.2.3)tu e 
The values of several simulation variables are stored in one-dimensional 
arrays, each element corresponding to a different module. Different arrays 
are used for each tube, as shown in Table 2.1, and their elements are labeled 
from zero to Nm 0 d, the number of modules per condenser tube. An 
imaginary zeroth module is considered, whose outlet conditions are equal to 
the condenser's inlet conditions. Only the outlet values of the refrigerant 
properties are saved, because the continuity of the properties across the 
module interfaces makes it unnecessary to keep track of both the inlet and 
outlet values. 
Two residual equations are evaluated per module. The first residual is equal 
to the difference between the heat rejected by the module per unit mass of 
refrigerant and the drop in the refrigerant enthalpy. Figure 2.5a shows the 
corresponding control volume. The second residual is related to the 
refrigerant pressure drop in the module, which is calculated from the 
module's inlet conditions. In terms of the nomenclature defined in Table 2.1, 
the residuals for the ith module are: 
Res(i,l) = hRo(i) - hRo(i-l) _ Qmod (2.2.4)
mref 
Res(i,2) = pRo(i) - pRo(i-l) -dPmod (2.2.5) 
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The Newton-Raphson solution scheme is applied to find the values of the 
unknown variables so that these differences are driven to zero. 
A control volume approach similar to the one used to obtain the first 
residual equation gives an expression for the air outlet enthalpy. The 
corresponding control volume is shown in Figure 2.5b. and the equation has 
the form 
hAo(i) =hAi(i) + Q;Odd (2.2.6)
m rno 
Any energy losses are ignored. so that the amount of heat released by the 
refrigerant is equal to that absorbed by the air. 
2.2.2 Errors Inherent in the Modular Structure 
A number of approximations are associated with the modular structure. For 
instance. the calculations of a module's heat rejection and its refrigerant 
pressure drop are based on its inlet conditions. This result will be accurate 
as long as there is not a significant change in the refrigerant properties. 
temperature and quality in particular. along the module. When the 
refrigerant is in single phase. temperature has an important effect on 
several of the parameters used to calculate the heat rejection. such as 
specific heats and heat transfer coefficients. Quality becomes important 
when the refrigerant is condensing. 
One way to ensure small property changes is to keep the module lengths 
short. For a fixed overall condenser length. this amounts to increasing the 
number of modules. In the limit. an infinite number of modules would give 
an . exact solution if there is no round-off error. In practice. however. a 
reasonable number of modules may satisfy this assumption fairly well. as 
shown in Chapter 5. 
Another error is introduced when dealing with modules in which a phase 
change takes place. The simulation allows a module to be in one phase only. 
9 
arbitrarily chosen to be that of the refrigerant entering the module. For 
example. if the refrigerant is superheated at the inlet and condensing at the 
outlet. it will be assumed to be superheated throughout the entire module. 
This can result in large errors if the transition module is long and the phase 
change occurs near the inlet, because the pressure drop and heat transfer 
mechanisms are strongly dependent on the refrigerant phase. 
In order to eliminate the sources of error described above. several versions 
of the simulation were developed. The choice of using one version over 
another is determined by the set of conditions for which the simulation is 
run. The differences and similarities between these versions are discussed 
in the following sections. 
2.3 Alternate Variable Formulations 
The simulation. initially based on a single tube condenser. was later 
modified to handle condensers with two tubes. like the one used in the 
experimental set-up. The pressure drop and heat transfer mechanisms were 
uncoupled by considering a fixed ratio between the refrigerant mass flow 
rates in the front and the back tubes. With this assumption. the front tube 
may be analyzed independently from the back tube. The opposite is not 
true, however. because the air inlet temperature to the back tube is 
influenced by the amount of heat exchanged with the front tube. The exact 
value for the temperature of the air reaching the back tube is impossible to 
determine since the degree of air mixing within the condenser is unknown. 
The following equation was introduced in order to obtain an approximate 
value. 
tAiBavg = tAiFavg .. <1>[ tAiFavg - tAoFavg ] (2.3.1) 
Although the inlet and outlet air temperatures are known for each module 
in the front row. it is more accurate to use the average values. tAiFavg and 
tAoFavg. The same number of modules are used to represent both condenser 
tubes, but their· lengths may not be the same. The ith front tube module is 
therefore not necessarily in front of the ith back tube module. 
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The non-dimensional factor IP was evaluated using a trial and error 
approach and experimental data. The IP values giving the best agreement 
between the calculated and the experimental capacities for several test 
conditions are listed in Chapter 5. Initially IP was assumed to be a function of 
the condenser geometry and the air flow rate, but no dependence on the 
latter was observed from the experimental data. A constant value of 0.19 was 
therefore assumed, the average of the ideal values for all test conditions. 
IP values may range from 0 to 1. When IP=O, the air reaching the front and 
the back tubes has the same temperature. This implies perfectly staggered 
tubes with no air mixing between them. When 1P=1, on the other hand, the 
inlet air temperature to the back tube is equal to the outlet air temperature 
from the front tube.. This may occur if the back tube were located directly 
behind the front one. In general, the experimental results fall somewhere 
in between these two limiting conditions. 
Following the instructions listed in Appendix A, the two versions of the 
simulation described in the following sections may be used to simulate a 
single-row condenser as well as a two-row condenser, treating a single-row 
condenser as the front tube of an imaginary two-row condenser. The 
similarity in the solution· schemes used for the single-row and the two-row 
versions may be seen from Figures 2.6a and 2.6b. The single-row versions 
offer an advantage over the more general two-tube versions only in terms 
of run time reduction, given that half the number of residual equations are 
evaluated. For this reason, only the latter are presented in this thesis. It is 
important to notice, however, that their modeling approach is not limited to 
condensers with two tubes and may be modified to include other condenser 
geometries·. 
The same residual equations and solution scheme are used in all versions, 
but different variables become Newton-Raphson variables. The values of 
the Newton-Raphson variables are allowed to vary until all the residual 
equations have been satisfied. From a mathematical perspective, any set of 
simulation variables may be chosen for this purpose. However, allowing a 
set of variables to vary implies that the rest of them have fixed values and it 
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is generally more convenient to assign values to some variables than to 
others. 
A description of the two formulations that have a practical application and 
may be used to reduce the errors inherent in the modular structure is 
presented in the next sections. Table 2.2 summarizes the objectives and 
characteristics of each version. 
2.3.1 Fixed Length Version 
The steps followed to evaluate the residuals are the same for both versions. 
The refrigerant pressure drop and heat rejection of each module are 
calculated to obtain values for the corresponding residuals. The residuals 
associated with· the modules in the front tube are evaluated first, in order 
from inlet to outlet. Equati.on (2.3.1) is then applied to calculate the air inlet 
temperature to the modules in the back tube row, in order to evaluate the 
corresponding residuals. 
For this version, both the front and the back tubes are divided into an equal 
number of modules of fixed length. Different lengths may be assigned to 
the modules in each tube row. The refrigerant enthalpies and pressures at 
the outlet of all modules become the Newton-Raphson variables. 
This formulation works well for single phase runs, although it can also be 
used for two-phase runs. For the latter, it generates errors associated with 
transition modules, as discussed in section 2.2.2. 
2.3.2 Fixed Quality Version 
As suggested by the title. for this version the refrigerant quality values are 
fixed at the outlet of all modules, except for the last module in each tube. 
The lengths of the first (Nmod-1) modules and the outlet enthalpy of the last 
module in each tube. as well as the refrigerant outlet pressures of all 
modules, become the Newton-Raphson variables. The length of the last 
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module in each tube is calculated from the total tube length and the sum of 
the other module lengths. Refrigerant enthalpy is up-dated, based on the 
refrigerant pressure and quality, as the value of the refrigerant pressure 
changes from one iteration to the next. 
Transition modules may be eliminated by choosing a quality distribution 
such _ that the phase changes occur at the module interfaces. S.everal 
recommendations regarding the choice of quality values are included in 
Appendix A. An unlimited number of modules may be assigned to the 
condensing region, their outlet qualities chosen arbitrarily from the range 
[xin, xo·utl. The values of Xin and Xout correspond to the refrigerant quality 
at the inlet and the outlet of the condenser. 
One disadvantage of this formulation is that it may not be used for single 
phase runs. In that respect, it is less general than the "Fixed Length" 
version. In addition, only one module may be used to model each of the 
single phase sections, both superheated and sub-cooled. 
2.3.3 Previous Versions 
Several versions of the programs, in addition to those described above, were 
developed to simulate single-tube condensers. One approach consisted of 
fixing the refrigerant enthalpy values at the outlet of all modules and 
allowing the module lengths to vary. Its objective was to eliminate 
transition modules by setting the enthalpy at the outlet of two arbitrary 
modules equal to the saturation values, hg and hr. Unfortunately, the 
saturation properties are dependent on pressure and it is therefore 
impossible for the user to choose an enthalpy distribution such that phase 
changes occur at the module interfaces. An advantage over its successor, 
the "fixed quality" version, was that several modules could be assigned to the 
superheated and sub-cooled regions. 
In the original "fixed quality" version, the refrigerant outlet enthalpy was 
fixed while all the module lengths, including the last one, were allowed to 
vary. Such a version could be used for design purposes, where the total 
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length of the coil is not constrained. The refrigerant outlet enthalpy may 
be evaluated from the desired heat capacity and the refrigerant inlet 
enthalpy, the latter being a function of the refrigerant inlet conditions. 
Such a calculation is not possible when more than one condenser row is 
considered, unless the fraction of the total heat load exchanged by each tube 
is specified. In general, outlet conditions are measured after the 
refrigerant from both coils has mixed and it is therefore impossible to 
determine the refrigerant enthalpy at the outlet of each row. 
Other attempts for which the refrigerant outlet enthalpy was fixed include 
two modified versions of the "fixed length" and the "fixed quality" versions. 
In both cases, the total air side resistance of the condenser became a 
Newton-Raphson variable. As shown in chapter 5. the total condenscr 
capacity does not have enough sensitivity on the air side resistance for this 
version to have a practical application. It is possible to get a reasonable 
capacity value even when there is some uncertainty in the resistance. but 
the opposite is not true. A small error in the capacity could lead to large 
errors in the resistance prediction. 
The versions discussed in this section demonstrate the flexibility of the 
Newton-Raphson method concerning the choice of variable and fixed 
parameters as long as there is an equal number of equations and unknowns. 
Although those models were abandoned due to their short-commings. they 
were tested and validated with the current versions and could be used as a 
basis for further improvements of the simulation. 
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Table 2.1. Storage Arrays Used in the Simulation 
Name t Contents 
DRoF, DRoB Refrieerant Pressure 
tRoF, tRoB Refri !!erant Temoerature 
xRoF, xRoB Refrieerant Ouality 
hRoF hRoB Refri !!erant Enthalov 
vRoF vRoB Refri!!erant Soecific Volume 
hfoF, hfoB Refrieerant Saturated Liquid Enthalpy 
heoF, heoB Refri a:eran t Saturated Vaoor Enthalpy 
vfoF, vfoB Refrieerant Saturated Liquid Volume 
veoF, veoB Refrieerant Saturated VaDor' Volume 
satTF satTB Refria:erant Saturation Temoerature 
tAiF, tAiB Air Inlet Temoerature 
tAoF, tAoB Air Outlet Temperature 
hAiF, hAiB Air Inlet Enthaloy 
hAoF, hAoB Air Outlet Enthalpy 
regionOUTF. Refrigerant Phase (Superheated, 
reeionOUTB Condensina: or Sub-cooled) 
LmodF LmodB Module Lena:th 
hRefF hRefB Refri eerant Heat Transfer Coefficient 
dPfricF ,dPfricB Presssure Chanee due to Friction Effects 
dPmomF;dPmomB Pressure Chanee due to Acceleration Effects 
dPgravF,dPgravB Pressure Chanee due to Gravity Effects 
t The ending '0' corresponds to 'module outlet'; 'F' and 'B' correspond to 

'front' tube row and 'back' tube row respectively. 

The number of elements in each array is equal to the number of modules. 
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Table 2.2 Versions of the Simulation 
Version Name NR Variables Fixed Variables 
Fixed Length hRoF(i), hRoB(i) LmodF(i), LmodB(i) 
pRoF(i), pRoB(i) i=1 to Nmod 
i=1 to Nmod 
Fixed Quality LmodF(i), LmodB(i) xRoF(i), xRoB(i) 
i=l to (Nmod-l) i=l to (Nmod-l) 
hRoF(N mod),hRoB(N mod) 
pRoFG), pRoB(j) 
i=1 to Nmod 
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Refrigerant· 
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Figure 2.1. Geometric Dimensions of a Typical Module 
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Air Flow, mAmod 
tRo( 1) 
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Figure 2.2. Inlet and Outlet Conditions of a Typical Module 
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Ltube= Length of One Condenser Tube from 
Refrigerant Inlet to Refrigerant Exit 
not Including the Tube Bends 
Refrigerant 
Entrance 
H 
Back Tube 
Row 
Front Tube 
Row 
+ 
Note: The diagram does not accurately represent the routing 
of the piping at the jnlet and outlet of the condenser. 
Figure 2.3. Air-cooled Condenser Used in the Experimental Set-up 
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Figure 2.4a. Modular Representation of a Single Condenser Tube Row 
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Figure 2.4b. Modular Representation of Two Condenser Tube Rows 
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Air Flow Leaving C.V. 
External Fins 
Air Flow Entering C.V. 
Figure 2.Sa. Refrigerant Side Control Volume: Side and Cross-Sectional Views 
Air Flow Leaving C. V. 
-7-
External Fins 
Air Flow Entering C. V. 
Figure 2.Sb. Air Side Control Volume: Side and Cross-Sectional Views 
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Input data: Condenser Inlet 
Conditions, Geometric 
Dimensions, etc 
Initialize Storage Arrays 
and NR Varlab les 
Calculate Amount of Hea 
Transfer and Pressure 
Drop in Each module and 
Evaluate Residuals 
NO 

Print Final Results 
Figure 2.6a. Flow Chart for the Sim ulation of a Single Row Condenser 
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Input data: Condenser Inle 
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Initialize Storage Arrays 
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Residuals 
Evaluate Air Inlet 
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Eva luate Back Tube 
Residuals 
NO 

Print Results 
Figure 2.6b. Flow Chart for the Simulation of a Two Row Condenser 
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CHAPTER 3 

MODEL PHYSICS 

Approximate methods are used to calculate the amount of pressure drop and 
heat transfer in a module. This chapter gives a brief description of these 
methods. as well as a literature review of the condensation process, heat 
transfer coefficient correlations, and pressure drop calculations. 
3.1 Heat Transfer Calculation 
The amount of heat rejected by a module. Qm 0 d, is calculated with the 
'Effectiveness-NTU' method. Air and refrigerant heat transfer coefficients 
are evaluated with experimentally determined correlations. 
3.1.1 Effectiveness-NTU Method 
This method is preferred when the conditions at the outlet of a heat 
exchanger are not prescribed. It is based on an effectiveness value, e, the 
ratio of the actual heat transfer rate for the heat exchanger to the maximum 
possible heat transfer rate. Expressions for the effectiveness as a function 
of the capacity ratio of the two fluids and the number of transfer units, a 
non-dimensional parameter, have been derived for various types of heat 
exchangers [6]. Those of interest for the simulation correspond to a cross­
flow heat exchanger with one fluid mixed and the other unmixed. 
The form of the e-NTU relations depends on which fluid (mixed or unmixed) 
has the lowest capacity. a measure of the fluid's ability to transfer heat 
defined as the product of the mass flow rate and the specific heat. The 
following terms are used in the e-NTU relations tabulated below: 
Cmin 
Cratio=-C (3.1.1a) 
max 
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NIU UA (3.1.1b)
Cmin 
Case r value 	 £ value 
Cmin=Cmixed r = 1 - e-NTU*Cratio £ = e-r/Cratio 

Cmax=Cunmixed 

Cmin=Cunmixed 	 £=_1- [1 -e-r '* Cratio]r'= 1 - e-NTU 
CratioCmax=Cmixed 

Cmin ~ 0 
 £ =1 - e-NTUCmax 
(3.1.2) 
The limit corresponding to the last case occurs in the condensing region, 
where the refrigerant's specific heat may be assumed to approach infinity. 
For single phase refrigerant: 
Cmixed = Cair 
Cunmixed = Cref 
(m Cp>Cef = refrigerant heat capacity rate 
(m Cp)air = air heat capacity rate 
Cmin = minimum of (m Cphef and (m Cphir 
(3.1.3) 
The 	 effectiveness is then used. to calculate the amount of heat exchanged. 
Q = £ Cmin (Tref ,in - Tair in) , (3.1.4) 
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3.1.2 Over-all Heat Transfer Coefficient Calculation 
This coefficient is the proportionality constant which gives the rate of heat 
transfer when multiplied by the heat exchanger area and the mean 
temperature difference between the air and the refrigerant [7]. It may be 
based on the inside area (Ui) or the outside area (Vo ) , 
(3.1.5) 
The over-all heat transfer coefficient is the sum of the convective 
resistances on the air and refrigerant sides, and the conductive resistance 
of the tube· wall. Figure 3.1 shows the corresponding thermal resistance 
network. The value of U may be obtained from the following equation, 
(3.1.6) 
assuming the fouling resistances to be negligible. 
3.1.3 Single Phase Refrigerant Heat Transfer 
As the refrigerant flows through the condenser tube, both single-phase and 
two-phase flow are encountered. The refrigerant enters the condenser as 
super-heated vapor and begins to condense soon after the entrance. It exits 
the condenser as a sub-cooled liquid. The heat transfer coefficients are 
calculated from empirical correlations in both phases. Single phase flow is 
easier to model and will therefore be considered first. 
Most of the correlations are expressed in terms of non-dimensional 
parameters called the Reynolds, Prandtl and Nusselt numbers. For this 
application, it is helpful to think of the Reynolds number as a dimensionless 
velocity parameter. It is also an indicator of whether the flow is laminar or 
turbulent. The refrigerant mass flow rates used in refrigerator condensers, 
however, are generally high enough to ensure turbulent flow. 
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Various definitions are used for the correlations, the most common one 
being 
(3.1.7) 
The Prandtl number is . the ratio of the momentum to the therm al 
diffusivities. 
Pr = Ilr cpr 
kr (3.1.8) 
Finally, the Nusselt number can be thought of as a dimensionless heat 
transfer coefficient. 
Nu = (3.1.9) 
Eckels and Pate have compared the results of two single phase correlations 
using refrigerants R-12 and R-134a [8]. The most common one is the Dittus­
Boelter equation. 
Nu = 0.023 ReO.8 Prn (3.1.10) 
where, 
n=OA for heating 
n=0.3 for coaling 
The other correlation considered in their comparison is one by Petukhov­
Popov [9], 
Nu= (f/8)RePr (3.1.11)
1.07 + 12.7 (f/8)0.5 (PrO.67 -1) 
where, 
f = [1.82 10glORe - 1.64t2 (3.1.12) 
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The single phase heat transfer coefficient correlations described above 
were tested for both superheated and sub-cooled refrigerant conditions. 
Table 3.1 and Figure 3.2 compare the results of both correlations over a 0 F to 
100 F range of refrigerant superheat. The deviation between the two 
correlation results increases with increasing superheat. For sub-cooled 
conditions. the Petukhov-Popov correlation also gives consistently higher 
coefficient values than the Dittus-Boelter correlation. Th-is is shown by 
Table 3.2 and Figure 3.3. over a 0 F to 30 F range of refrigerant sub-cooling. 
The difference between the two results is in the order of 10% for the entire 
range. For both superheated and sub-cooled refrigerant conditions. the 
heat transfer coefficient was found to increase with refrigerant 
temperature. 
It is important to use reliable single phase correlations for two reasons. 
First of all. they are needed· in the superheated .and sub~cooled regions of 
the condenser and. more importantly. most two-phase heat transfer 
correlations involve single phase coefficients. 
3.1.4 Condensing Refrigerant Heat Transfer 
Condensation is defined as the process of changing a vapor into a liquid by 
removing heat. It occurs when the temperature of the vapor is reduced 
below its saturation temperature. In the case of surface condensation, the 
vapor loses its latent heat of vaporization, heat is transferred to the colder 
wall. and the condensate forms on the surface [10]. 
Two mechanisms may be responsible for vapor condensation inside 
horizontal tubes: laminar film condensation and forced convection 
condensation. The first one corresponds to low vapor velocities. Condensate 
forms on the tube walls and drains down to the bottom of the tube. It then 
flows in a longitudinal direction along with the vapor [10]. 
In most refrigeration condensers, however. vapor velocities and 
refrigerant mass fluxes are high. Hence forced convection condensation is 
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the prevailing mechanism. The flow regimes associated with this 
condensation mode are described in the next section. 
3.1.4.1 Flow Dynamics of Intube Forced-Convection Condensation 
A number of flow patterns are encountered during forced convection 
condensation. They are determined by the quality of the condensing fluid 
and its mass flow rate. Refrigerant quality is defined as the ratio of the 
vapor mass to the total refrigerant mass. A diagram by Soliman [11], 
describing the flow development inside a horizontal condenser tube, is 
reproduced in Figure 3.4. 
Two-phase flow regimes have been described and classified by several 
investigators. Lockhard and Martinelli described the flow patterns they 
observed when investigating pressure drop of air-water flow inside pipes 
[12]. Hoogendorn included other gas-liquid combinations in his studies and 
identified seven types of two-phase flow [13]. 
The visual study of flow patterns conducted by Soliman and Azer [14] is more 
relevant to the simulation, since refrigerant R-12 was used in horizontal 
tubes. Nine flow patterns were identified by these researchers. In order of 
decreasing refrigerant quality, the six major patterns are: spray, annular, 
semiannular, wavy, slug and plug flow. The remaining patterns may be 
considered as tpansitional regimes. These are: spray-annular, annu.lar­
wavy and semiannular-wavy flow. A summary of the observations made 
by Soliman and Azer is presented below. 
When superheated vapor enters the condenser, condensation first occurs at 
the wall forming a thin liquid film. The liquid droplets are then entrained 
by the fast-moving vapor as a mist, resulting in spray flow. Since the m"ass 
flow rate is kept constant, continuity requires the vapor, with the highest 
specific volume, to move the fastest. As more refrigerant condenses, it 
begins to cover the tube periphery while the core is filled with vapor. 
There is still not enough liquid to cover the entire inner tube surface,and 
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due to gravity effects, the upper half of the tube remains dry. Hence the 
label semiannular. 
Eventually the entire tube periphery is covered by liquid refrigerant. but 
vapor still fills the tube core. This is called ann u 1 a r flow. Further 
condensation results in w a vy flow. In this case, the two phases are 
separated and the liquid flows at the bottom of the tube. The liquid-vapor 
interface is wavy due to the difference between liquid and vapor velocities. 
Slug flow is similar to wavy flow, but the liquid periodically wets the top 
of the tube. The last two-phase regime is plug flow. This consists of a 
continuous liquid phase with large plugs of vapor appearing intermittently 
at the top of the tube. The size of the plugs is then further reduced and 
vapor bubbles result, until all the refrigerant is sub-cooled. 
The transitional regimes may be considered as combinations of the regimes 
described above. The semiannular-wavy and annular-wavy flows have the 
same characteristics as the semiannular and annular flows' respectively. 
with the exception of a thicker liquid film at the bottom of the tube. In the 
case of spray-annular flow, the layer of liquid around the tube typical of 
annular flow is continuously entrained by the vapor as a mist. 
3.1.4.2 Flow Maps 
Thus far, various flow regimes have been described. without considering 
how the flow pattern for a given set of conditions can be determined. Flow 
maps can be used to determine the flow regime in forced convection 
condensation.. Their development and implementation are discussed in a 
paper by Breber et al. [15]. 
As these authors point out, two conditions, both a result of the decreasing 
vapor fraction, cause the flow regime to change during condensation. One 
is the decrease of the ratio between shear and gravity forces acting on the 
condensate film. The other is the increase in the ratio of liquid to vapor 
volume. Both the force. ratio and the liquid volume fraction can be 
expressed in terms of non-dimensional parameters. A flow map is a two­
dimensional plot with one of these parameters on each axis. 
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In their analysis, Breber et al. only considered four flow regimes: wa vy • 
intermittent (slug and plug), bubble and annular flows. Each flow regime 
corresponds to a different portion of the flow map, where transition curves 
separate the various flow regimes. The flow maps presented by Soliman and 
Azer use different non-dimensional parameters than those presented by 
Breber et al., but the fundamental concept is the same. 
3.1.4.3 Two-Phase Refrigerant Side Heat Transfer Coefficients 
It is important to know the flow regime because different types of heat 
transfer coefficient correlations must be used for different flow regimes. 
Breber et al. considered two kinds of heat transfer formulations for 
horizontal tubes: Nusselt and convective They recommend the Nusselt 
type for w avy regimes, where gravity effects are dominant. This heat 
transfer coefficient calculation is based on Nusselt's analysis of film 
condensation on a vertical plate [10]. The convective type is described as an 
estimate for the rest of the flow regimes and a good approximation for the 
annular flow regime [15]. In this case, the heat transfer coefficient may be 
obtained from boundary layer theory. Most heat transfer coefficient 
correlations for forced convection condensation assume an annular flow 
regime, and are therefore of the convective type. 
Two types of condensation heat transfer coefficient correlations have been 
found in the literature. Those for local heat transfer coefficients and those 
for calculating average heat transfer coefficients for an entire condensing 
length. Local heat transfer coefficient correlations are more common. In 
this case, the heat transfer coefficient may be evaluated at a specific 
location in the condensing region, and its vaiue is quality-dependent. For 
the other correlations, the average heat transfer coefficient is obtained by 
integrating the local heat transfer correlations over the quality range of 
the corresponding condensing length [16]. In addition, correlations may be 
specific or general. Specific correlations apply to particular fluids or flow 
regimes, while general correlations can be used for several types of fluids. 
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The' three heat transfer coefficient correlations for condensation 
considered for the simulation are those by Cavallini-Zecchin [17], Traviss et 
al. [18] and Shah [19]. Eckels and Pate compared the results of these 
correlations for refrigerants R-12 and R-134a, and a brief summary of that 
discussion is presented in this section. 
The CavaiUni-Zecchin correlation was developed specifically for 
halocarbon refrigerants R-ll, R-12, R-21, R-22, R-113, and R-114 using 460 
data points, 41% of them for R-12 [8]. Eckels and Pate report a standard 
deviation of 36%. Shah also tested it with experimental data and found the 
standard deviation to vary from 8 to 47%. It has the following form, 
°8 P 0:33 [kliq]htwo phase = 0.05 Reeq rliq 
D (3.1.13) 
where 
[~van] [PliOJO.5Reeq =Reliq + Revap ~ ~hq Pvap (3.1.14) 
(3.1.15) 
Revap =(Jlll.) (xref) ~vap (3.1.16) 
. _ ~liq CpliqP
rhq - k' (3.1.17)lIq 
This correlation is valid for 
7000 < Reliq < 53,000 
and 
11 < ~liq < 314 
~vap 
The next correlation considered is the Traviss et al. correlation. It is more 
specific than the previous one, since only refrigerants R-12 and R-22 were 
used to generate the 160 points used to develop it. One of the parameters is 
the Lockhart-Martinelli parameter (Xtt), whose square root is the ratio 
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between the pressure 
to the vapor phase. 
drop due to the liquid phase and the pressure drop due 
The Traviss et al. correlation has the form 
(3.1.18) 

where, 

...L 0.476
Ftt =0.15 ( + 2.85 Xtt ) 
Xtt (3.1.19) 
and it is valid for 
for 0.15 < Ftt < 15 
P1liq > 3 
The value of F2 is calculated from 
F2 =0.707 PI'}iq .JReliq (3.1.20) 
for Reliq < 50 
F2 = 5 PI'}iq + 5 In(1+ PI1iq (0.09636 Re~i~85 - 1» (3.1.21) 
for 50 < Reliq < ·1125 
and 
0.812F2 =5 PI1iq + 5 In(1 + 5 PI1iq) + 2.5 In(0.00313 Reliq) (3.1.22) 
for Reliq> 1125 
The third condensation heat transfer correlation considered is the S h a h 
correlation. Ten fluids were used, and 22% of the 777 data points used to 
develop it correspond to R-22. This correlation is recommended for general 
use by Shah. It has the form, 
'P = htwo phase _ 1 +.2.:.L (3.1.23)
hI - ZO.95 
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where 
Z=(--L _1)°·8 p0.4 
x f redre (3.1.24) 
Pred = P sat 
P crit (3.1.25) 
and 
(3.1.26)hI = hliq (1 - Xref)0.8 
The liquid heat transfer coefficient, hli q, is calculated using the Di ttus­
Boelter correlation, assuming that all the flow is liquid. 
hliq = 0.023 (G~)0.8 pr?{~(kliq)
f..lllq D (3.1.27) 
This correlation is valid for 

f..lvap > 3 m/sec 

350 < Reliq < 35,000 

The three two-phase heat transfer coefficient correlations described above 
were tested over a wide range of refrigerant quality values. Table 3.3 and 
Figure 3.5 show the results obtained with a 0.331" diameter tube, 300 psi 
refrigerant saturation pressure and 400 lbm/hr mass flow rate for 
refrigerant R-134a. These conditions were chosen because they are 
representative of the midpoint of the test matrix used for the experimental 
validation of the model. The Cavallini-Zeechin and the Shah correlations 
are in good agreement (less than 10% difference) for intermediate qualities, 
while the Traviss et al. correlation returns consistently higher values for 
that range. As can be seen from Table 3.3, the various correlations agree 
with each other within less than 20% for most of the quality range. The 
Traviss et al. results are also different in that there is a quality at which the 
heat transfer coefficient has a maximum value. The coefficients calculated 
with the other two correlations, on the other hand, increase monotonically 
with quality. 
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An important consideration when selecting a heat transfer coefficient 
correlation is the range of conditions for which it is valid. The Cavallini­
Zecchin correlation was examined in more detail since it was used in the 
experimental validation of the model. As it was previously indicated, it is 
valid for 
7000 < Reliq < 53,000 

and 

The viscosity ratio was considered first. This ratio decreases with saturation 
temperature, a parameter which may be calculated from the inlet pressure 
to the condenser if pressure drop in the refrigerant line is neglected. The 
refrigerant pressures in the experimental test matrix range from 489.2 psi 
to 137.6 psi, corresponding to viscosity ratios of 7.5 and 12.5. Thus, most tcst 
conditions appear to fall below the lower limit of the viscosity ratio range 
for which the correlation is valid. 
The constraints on the liquid Reynolds number are harder to satisfy, since 
this parameter depends on the refrigerant quality as well as test conditions 
such as refrigerant pressure and mass flow rate. For a given quality valuc, 
the test matrix conditions that yield the' maximum and minimum liquid 
Reynolds number values are (Pref=486A psi, mRef=600 lbm/hr) and 
(Pref=137.6 psi, mRef=200 lbm/hr) respectively. For the first set of conditions 
the liquid Reynolds number is lower than 53,000 for quality values greater 
than 004, and for the second set of conditions it is greater than 7,000 for 
quality values lower than 0.65. It may be concluded from these results that 
the Cavallini-Zecchin correlation applies to all conditions in the test matrix 
for quality values in the range 004 < Xref < 0.65. Depending on the value of 
the refrigerant pressure and mass flow rate, the correl ation may or may not 
be valid for quality values outside this range. Although inconclusive, this 
analysis reveals some of the problems associated with the calculation of heat 
transfer coefficients at quality values close to 0 and 1. 
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3.1.5 Air Side Heat Transfer Coefficients 
Air side heat transfer coefficients were calculated from the experimental 
data using a Wilson plot, a technique developed to determine the individual 
heat transfer coefficients in a heat exchanger [7]. Alternatively, tabulated 
data may be used. Kays and London present experimental data for air side 
pressure drop and heat transfer in graphical and tabular form for various 
types of condenser designs [6]. When using data from the literature, it is 
important to choose a condenser design that closely resembles the one 
being simulated. 
3.1.5.1 Wilson Plot Technique 
From equation (3.1.6), which is repeated here for convenience, the overall 
thermal resistance of a compact heat exchanger is the sum of the individual 
heat transfer resistances related to the tube wall and the air and refrigerant 
sides. The presence of fins on the air side is accounted for by the overall 
surface efficiency parameter, 11 s 
A Wilson plot is a graphical technique that may be used to solve for one of 
these individual resistances when the overall resistance and the remaining 
resistances are known. The original Wilson plot technique was developed to 
analyze single phase refrigerant. For this case, the overall thermal 
resistance, l/(VoA 0), and the term (l/Vref)n are plotted on the ordinate and 
the abscissa respectively, as shown in Figure 3.7a. Vo is the overall heat 
transfer coefficient based on the air side and Vref is the refrigerant 
velocity. A number of data points may be obtained experimentally, varying 
the refrigerant mass flow rate between test runs while keeping the air flow 
rate constant. The value of the exponent on the refrigerant velocity should 
be chosen so that a straight line can be drawn through all the data points. 
Wilson suggested the value n=0.82, obtained by trial and error. 
37 
The intercept on the ordinate of the resulting straight line is equal to the 
sum of the wall and the air resistances, with the assumption that in the limit 
as Vref-+ 00 the refrigerant side resistance becomes negligible. For a given 
test run, the overall thermal resistance may be calculated from the amount 
of heat rejection. Knowing the total thermal resistance, as well as its wall 
and air side components, it is possible to read the refrigerant side 
resistance directly from the plot. 
Modifications to the original technique have been proposed by several 
authors. Weber [20] summarizes some of the improved methods for single 
phase refrigerant and discusses their applicability to finned tube surfaces. 
In addition, he presents a review of the literature on the adaptation of the 
Wilson plot to applications involving two-phase refrigerant flow. For this 
case, the overall thermal resistance, 1/(UoAo), and the term (l/Vair)n are 
plotted on the ordinate and the abcissa respectively, as shown in Figure 
3.7b. The refrigerant-side conditions are maintained constant during 
experimental testing while the air mass flow rate is varied. 
As in the single phase case, a straight line is drawn through the data points. 
For this case, exponent values of the order of 0.5 for the air velocity. The 
intercept on the ordinate corresponds to the sum of the refrigerant and the 
wall resistances, and the air side resistance is calculated by subtracting the 
intercept value from the total thermal resistance. 
3.1.5.2 Colburn j-Factor 
The data related to the air side heat transfer found in the literature is 
usually expressed in terms of a j-factor, a combination of the Prandtl and 
the Stanton numbers. The j-factor is defined as 
(3.l.28) 
or 
NUa j=--~"--- (3.1.29)
Rea Pra 1/3 
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where 
NUa 
Sta = Rea P r a (3.1. 30) 
As indicated by their subscripts. the non-dimensional numbers introduced 
above are based on the air properties and arc defined as 
~ NUa = Nusselt Number = ka (3.1.31) 
GaDh mAtotal Dh 
Rea = Reynolds Number = -- = A . (3.1.32)
J..la mm J..la 
J..l"Cn"Pra = Prandtl Number = k;"'" (3.1.33) 
Kays and London presented their results for several condenser designs in 
graphical form. The j-factor and the Reynolds number were plotted on the 
ordinate and the abscissa respectively. 
3.1.5.3 Development of a j-Factor Correlation 
The data obtained from a Wilson plot may be used to develop a j-factor plot. 
This is convenient because the j-factor is independent of the condenser's 
geometric dimensions. The total air-side resistance term may be written as 
1Rair total = ---"---- (3.1.34)
11 shoA total 
where Atotal is the total air-side heat transfer area and 1'\ s is the overall 
surface efficiency of the finned coil. The air-side heat transfer coefficient, 
h o. also corresponds to an overall value related to both the fin and the 
exposed tube surfaces. If the air side heat transfer coefficient, ho , is 
assumed constant along the condenser length, the following equations may 
be used to calculate the air side resistance of a module. 
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1 
Rair mod = --=-- (3.1.35) 
11 shoAo 
A 0 _ Lmod (3.1.36)
Atotal - Ltube 
and 
Ltube (3.1.37)Rair mod = Rair total Lmod 
Since the overall efficiency is a function of the air-side heat transfer 
coefficient, an iterative procedure is needed to solve for ho when Rair total is 
known. The relations used for this solution arc listed below: 
Afin11s = 1 - -A-- (1 - 11 fin) (3.1.38)
total 
tanh(mLfin) (3.1.39)11 fin mLfin 
~~ (3.1.40) 
m =-'V kfin 8 
The iterative steps may be summarized as follows: 
1. Guess a value for the air-side heat transfer coefficient, ho 
2. Solve for the fin efficiency based on ho and the fin geometry 
3. Calculate the overall surface efficiency, 11 s. 
4. Solve for ho using equation (3.1.34) 
5. Compare new and old ho values. 
Steps two through five are repeated until the correct ho value is found, 
using improved guesses for ho for every iteration. The same steps arc used 
to transform each of the Rair values in a Wilson plot into an ho value, from 
which a j-factor may be calculated. 
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After a j-factor has been generated from the experimental data, a curve-fit 
may be used to obtain a correlation of the following form: 
(3.1.41) 
where a and b have constant values. This kind of correlation is used in the 
simulation, with a=0.23265 and b= -0.5237. The air Reynolds number is 
calculated from the air mass flow rate and the condenser's geometric 
dimensions. Knowing the value of the j-factor, equations (3.1.34) through 
(3.1.41) may be used to solve for the total air-side resistance, Rair mod. 
3.2 Pressure Drop Calculations 
In most system analysis the condenser refrigerant pressure is assumed 
constant. In practice, however, pressure changes occur in the refrigerant 
line due to friction, momentum, and gravity effects. On the air side, a 
pressure drop also occurs due to the air flow across the condenser tube 
banks. 
Pressure drops in the refrigerant tubes do not have a significant effect on 
the heat capacity calculations. They are included in the model because of 
their potential impact on compressor design. Several methods used to 
calculated the various components of these pressure changes are discussed 
in the following sections. 
3.2.1 Refrigerant Pressure Change 
For both single and two-phase flow, the pressure change in horizontal tubes 
can be written as the sum of a frictional term and a momentum term. A 
third gravity term may be introduced when modeling a condenser, to 
account for the change in elevation at the tube bends. Friction effects are 
dominant at high to intermediate qualities and gravity effects are dominant 
at low quality [21]. Calculations associated with single phase flow are 
simpler and will therefore be considered first. 
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3.2.1.1 Single Phase Refrigerant Pressure Change 
The frictional pressure drop for single phase flow in a tube, liquid or vapor, 
can be calculated using the Fanning friction factor, defined as 
f = 'twall (3.2.1) 
LpV22 . 
An expression for the pressure drop can be obtained from a force balance 
on a control volume of length L. The only forces considered in this 
derivation are the pressure forces and the shear at the wall ('twall). 
~P single phase 2 f 0 
2 L 
D P 
(3.2.2) 
For laminar flow, 
(3.2.3) 
For turbulent flow, 
f = 0.046 Re-O.2 for vapor (3.2.4) 
f= 0.079 Re-O.25 for liquid (3.2.5) 
A similar control volume analysis may be applied in order to obtain an 
expression for the pressure change due to momentum effects [22]. 
Considering a· force balance in the direction of the flow, 
dPJ d·Acs [ -d = -d-[ m V] (3.2.6) Z mom Z 
Substituting 
m pVAcsO---~--= (3.2.7)
-Acs - Acs 
gives the following relation 
dPJ - 02 du (3.2.8)[ dz mom - - dz 
42 
1
where, U=- (3.2.9)
P 
Integrating over a length L , 
~Pmom (3.2.10) 
In the case of a condenser, as the single phase refrigerant loses heat, both 
its temperature and its specific volume decrease. Therefore. the momentum 
term in the superheated and sub-cooled regions of the condenser is always 
positive. indicating a pressure increase. 
Finally. the pressure change due to gravity is calculated from hydrostatics. 
The sign of this pressure change depends on the orientation of the 
condenser. In the condenser considered for this simulation. vapor 
refrigerant enters at the top and liquid refrigerant exits at the bottom. The 
condenser tubes are horizontal and elevation changes only occur at the tube 
bends. As a result, the pressure change at each bend is due to the weigh t of 
the refrigerant in the bend, in addition to friction and momentum effects. 
The assumption of a uniform elevation change along the condenser tube 
length was used to derive the following equations. 
[dPJ- -pg (3.2.11)dy gray ­
and. 
L (3.2.12)LlPgrav =P g Ltube H 
3.2.1.2 Two-Phase Refrigerant P·ressure Change 
Two types of models can be used to calculate pressure drops in two-phase 
flow: the homogeneous model and the separated flow model. The 
homogeneous model assumes equal vapor and liquid velocities. In addition. 
the two-phase fluid properties are approximated by a weighted average of 
the vapor and liquid properties [23]. In the separated flow models. the 
difference in velocity between the liquid and the vapor phases is taken into 
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account. A separated flow model was considered for this simulation. It was 
developed by Lockhard and Martinelli based on their studies of air-water 
flows. 
The concept behind the separated flow model is to calculate the two-phase 
frictional pressure drop based on a multiplier, <I> , and the frictional pressure 
gradients that w·ould result if each phase were flowing alone in the tube. 
Expressions for the single phase pressure gradients can be derived using 
the Fanning factor, 
[dPJ = 2f Jig 0 2 (1 - x ) 2 (3.2.13)dz f Jiq D P J i q 
2[dPJ _ x2 fvap 0 2 (3.2.14)dz f Yap - D P va p 
where fJiq and fvap are the single-phase Fanning friction factors. 0 is the 
mass flux. x is the quality and p is the density. 
Either one of the two single phase pressure gradients shown above can be 
used to solve for the two-phase pressure gradient. The equations used have 
the form, 
[dPJ 2[d PJ- <I> (3.2.15)dz [- yap dz [yap 
[dPJ - 2[dPJ<I> . (3.2.16)dz [- hq dz f J i q 
In order to evaluate the two-phase frictional multipliers. cP vap and cPliq. the 
Martinelli parameter was introduced. It is defined in terms of the single 
phase pressure gradients described above: 
(3.2.17) 
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Lockhard and Martinelli considered four types of flow mechanisms [12]: 
(1) Turbulent liquid and vapor flow 
(2) Laminar liquid flow and turbulent vapor flow 
(3) Turbulent liquid flow and laminar vapor flow 
(4) Laminar liquid and vapor flow 
In most refrigeration applications the mass flux is high, and therefore the 
vapor flow is always turbulent. At low qualities, however, it is possible to 
encounter laminar liquid flow, because of the low liquid mass fluxes. The 
following Martinelli parameters must be used for each of the cases listed: 
Xt,t, Xt,L, XL,t and XL,L. The first subscript refers to the liquid and the second 
to the vapor. The most common one is Xt,t. 
The two-phase frictional multipliers, <D Yap and <D liq, can be evaluated in a 
number of ways after the Martinelli parameter has been calculated. 
Lockhard and Martinelli used charts to correlate <D yap and <D liq to the 
Martinelli parameter. Similar charts have been presented by Wall is [23]. A 
curve fit of the Martinelli data for <Dvap was proposed by Soliman et al. [24], 
for which only the turbulent-turbulent case was considered 
<Dvap = 1 + 2.85 (Xt,t)O.S23 	 (3.2.18) 
A more general curve-fit was proposed by Chisholm [25], 
(3.2.19) 
(3.2.20) 
where 	 C=20 fo r X = Xt,t 
C= 12 fo r X=XL,t 
C= 10 for X=Xt,L 
C= 5 for X=XL,L 
(3.2.21) 
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Chisholm recommended using the values for the constant C listed above only 
for mixtures with gas-liquid density ratios corresponding to air-water 
mixtures at atmospheric pressure [25]. 
The derivation of an expression for pressure change due to momcntum 
effects is the same in two-phase flow as in single-phase flow [22]. In fact. 
single phase flow can be treated as a special case of two-phase flow with a 
quality of 1 or O. In two-phase flow, the momentum changes of both the 
liquid and the vapor must be taken into account. A force balance on an 
arbitrary control volume gives: 
(3.2.22) . 
Substituting, 
mvap = (pVA)vap 
m liq =(pVA)liq 
The pressure gradient becomes, 
[dP] _02 Jlf -:.;.x_2 - (l-X)2] (3.2.23)dz mom-- ~ Pvapo. + Pliq(l-a) 
The void fraction, a, is the portion of the tube that is filled with vapor. Zivi 
proposed the following correlation [26]: 
10.=-----=------ (3.2.24)1+ [.!2] [~]2/ 3 
x Phq 
Integrating equation (3.3.23) over a control volume of length L gives, 
x2 (1-X)2] [ --,-,-x_2_ + ~ 1 - x ) 2 ] }
.1Pmom =-02{[ + -Pvap a Pliq (1-0.) out Pvapa Pliq(l-a)in 
(3.2.25) 
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A homogeneous model was proposed by Wallis in order to calculate the 
gravity pressure change in two-phase flow [23]. The same equation 
developed for single phase flow may be used, with a weighted average of the 
specific volume. The equation for the pressure gradient due to gravity in 
each tube bend has the form, 
[ dPJ -p g-~dy gray ­ avg -Uavg (3.2.26) 
and 
~P P g_L-H =-L_L-H 
gray = avg Ltube Uavg Ltubc (3.2.27) 
where 
Uavg =Uf + x (Ug - Uf) (3.2.28) 
The simulation was run for a set of R-134a test conditions representative of 
the entire test matrix and the overall pressure changes due to friction, 
acceleration and elevation effects were recorded. Pressure drop was found 
to increase with refrigerant mass flow rate and to decrease with refrigerant 
inlet pressure to the condenser. Data points #4 and #41 were selected 
because they correpond to the two limiting conditions with high pressure 
drop, high mass flow rate and low inlet pressure, and low pressure drop, low 
mass flow rate and high inlet pressure respectively. Data point #15 
represents average conditions. 
Figure 3.8 shows the relative magnitudes of the three pressure change 
components, in terms of their absolute values. According to the sign 
convention used for these pressure drop calculations, the pressure drop due 
to friction is considered positive while the pressure increases due to 
acceleration and elevation effects are considered negative. Friction appears 
to be the. dominant mechanism for refrigerant pressure change for all three 
test condi tions. In addition, pressure changes in the single phase and the 
two-phase sections of the condenser were compared. Figure 3.9 shows the 
combined effect of all three pressure change mechanisms, friction, 
acceleration and elevation, in both phases for test conditions #4, #41 and 
#15. The contributiOn of the two-phase region is the largest in all cases, 
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which makes sense given that a large portion of the condenser length is 
occupied by condensing refrigerant. 
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Table 3.1. Comparison of the Dittus-Boelter and the Petukhov-Popov 

Heat Transfer Coefficient Correlations for Superheated Refrigerant 

R-134a with P=300 psi, mRef=400 lbm/hr, Di=O.331" 

Temperature Amount of h_Dittus h_Petukhov h_Petukhov/ 
[F) Superheat [Btu/hr.ft2.F) [Btu/hr .tt2 . F] h_Dittus [F1 % Difference 
156.2 0 332.7 338.7 1.8 
166.2 10 352.7 364.8 3.5 
176.2 20 376.7 397.5 5.5 
186.2 30 405.7 437.8 7.9 
196.2 40 440.1 487.0 10.7 
206.2 50 480.6 545.8 13.6 
216.2 60 527.6 614.7 16.5 
226.2 70 581.3 693.9 19.4 
236.2 80 642.0 783.4 22.0 
246.2 90 709.8 883.0 24.4 
256.2 100 784.8 992.5 26.5 
Table 3.2. Comparison of the Dittus-Boelter and the Petukhov~Popov Heat 

Transfer Coefficient Correlations for Sub-cooled Refrigerant R-134a with 

P=300 psi, mRef=400 Ibm/hr, Di=0.331" 

Temperature Amount of h_Dittus h_Petukhov h_Dittus/ 
[F] 	 Sub-cooling [Btu/hr .ft2.F] [Btu/hr.ft2. F] h_Petukhov 
rF1 % Difference 
156.2 0 307.8 339.7 10.3 
151.2 5 306.2 337.3 10.2 
146.2 1 0 304.7 335.2 10.0 
141.2 15 303.2 333.1 9.9 
136.2 20 301.8 331.2 9.8 
131.2 25 300.3 329.3 9.7 
126.2 30 298.9 327.5 9.6 
Table 3.3. Comparison of Heat Transfer Coefficients Calculated Using the Cavallini-Zecchin, Traviss et al. and 

Shah Correlations for Two-Phase Refrigerant R-134a with P=300 psi, mRef=400 Ibm/hr, Dj=0.331" 

Quality h_Cavallini- h_Traviss h_Shah h_Traviss/ h_Shah/ h_Shah/ 
Zecchin et al. h_Cavallini h_Cavaliini h_Traviss 
[Btu/hr.ft2.F1 [Btu/hr.ft2.F1 [Btu/hr.ft2. Fl % Difference % Difference % Difference 
0.10 713.6 614.8 541.2 -13.8 -24.2 -12.0 
0.20 815.0 847.8 692.3 4.0 -15.1 -18.3 
0.30 913.4 1014.6 819.8 11.1 -10.2 -19.2 
0.40 1009.2 1141.6 932.1 13.1 -7.6 -18.3 
0.50 1102.8 1237.8 1032.4 12.2 -6.4 -16.6 
0.60 1194.4 1306.3 1121.9 9.4 - 6.1 -14.1 
0.70 1284.3 1346.0 1199.9 4.8 -6.6 -10.9 
0.80 1372.7 1350.8 1263.6 -1.6 -7.9 -6.5 
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CHAPTER 4 

MODEL DEVELOPMENT 

The program structure is based on a number of subroutines, each one 
performing a specific task. This chapter describes how the subroutines work 
and discusses the model's performance. Figures 4.1 a, 4.1 band 4.1 c present 
simplified flowcharts of the main program and its principal subroutines. 
4.1 Subroutine Description 
This section provides a detailed commentary on each of the subroutines called 
for the simulation. For simplicity, they have been grouped according to their 
objectives. 
4.1.1 Newton-Raphson Subroutines 
Figure 4.2 shows the relation between these subroutines, used to solve a set of 
simultaneous equations. and the main program. 
4.1.1.1 Subroutine NR 
N R is based on the Newton-Raphson solution scheme described in Chapter 2. 
The values of the Newton-Raphson variables and residuals are stored in arrays 
XO and RO respectively. CALCFP and CALCR are called to calculate the partial 
differential matrix and to evaluate the residuals. N R checks for convergence 
of the solution based on two criteria: the size of the residuals and the change 
in the Newton-Raphson variables from one iteration to the next. 
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4.1.1.2 Subroutine PreparePlot 
PreparePlot may be called to store the values of the Newton-Raphson 
variables and the corresponding residuals for all iterations in a file 
compatible with commercially available graphing software packages. The 
print statements included in the subroutine must be modified by the user as 
the number of modules used for the simulation are varied. The value o~ public 
variable 'spreadsheet' determines whether this subroutine is called or not. and 
it is recommended to do so only for de-bugging purposes. 
4.1.1.3 Subroutine Positivity 
Positivity keeps the values of all the Newton-Raphson variables positive. 
Their values are checked after each Newton-Raphson iteration and multiplied 
by a factor of (-0.5) if they are negative. 
4.1.1.4 Subroutine CALCFP 
CALCFP creates the partial differential matrix used in the Newton-Raphson 
solution scheme. The partial differentials are calculated numerically with the 
following equation. 
fj(x 1.X2.....xj+Llxj ..... xn) - fj(x 1.X2.....Xj .....xn) (4.1.1)
LlXi 
The 'r functions and the 'x' variables correspond to the residuals and the 
Newton-Raphson variables respectively. CALCR is called to evaluate the 
residual functions. 
4.1.1.5 Subroutine CALCR 
CALCR evaluates the residuals corresponding to a given set of Newton­
Raphson variable 'values. Its form varies from one version of the simulation to 
58 
the next. Subroutine H X is first called Nm 0 d times to evaluate the residuals 
corresponding to the front tube row. Then the air inlet temperature to the 
back tube row is calculated, before HX is called again Nmod times to evaluate 
the residuals corresponding to the back tube row. A total of (Nmod*Nvar*Ntubc) 
residuals are calculated, where Nvar is the number of residuals evaluated per 
module and Ntube is the number of condenser coils. 
Within each CAL C R call, the residuals are temporarily stored in a two­
dimensional array called Res( ,). Its elements are then transferred to RO, the 
one-dimensional array used in the Newton-Raphson solution scheme. 
4.1.1.6 Subroutine HX 
H X models a single module. The refrigerant conditions at the inlet of the 
module are input the parameters. They are equal to the refrigerant outlet 
conditions of the previous module, and therefore known. Several heat 
transfer and pressure change routines are then called to calculate the amount 
of heat rejection and refrigerant pressure change in the module. Within each 
H X call, the Newton-Raphson variables are treated as known parameters. 
The amount of heat rejection is used to calculate the air outlet enthalpy. Any 
heat losses are neglected, so that the same amount of heat that is lost by the 
refrigerant is equal in magnitude to that absorbed by the air. Equation (2.2.6) 
is applied. 
The major task of this subroutine is to evaluate the residuals associated with 
the module for which it is called. Equations (2.2.4) and (2.2.5), reproduced 
below for convenience, correspond to the ith module: 
Res(i,l) = Qmod + mR (hRo(i)+ hRo(i-l») 
Res(i,2) = dPrnod + pRo(i) - pRo(i-l) 
59 
4.1.1.7 Subroutine PropertyUpDate 
P rope rty UpD ate calculates the refrigerant thermodynamic properties of all 
modules and its form depends on the version of the simulation for which it is 
used. Tables 4.1 and 4.2 list the property evaluations corresponding to the 
"Fixed Quality" and the "Fixed Length" versions. 
4.1.2 Heat Transfer Subroutines 
These subroutines are related to the calculation of the heat rejection from a 
module, Qrn 0 d. The major subroutines are presented in Figure 4.3. For 
simplicity, property subroutine calls are not included in that figure. 
4.1.2.1 Subroutine cRefcalc 
eRe/calc calculates the capacity rate of the refrigerant. The refrigerant 
specific heat is evaluated by subroutine SpecHeat, and then multiplied by the 
refrigerant mass flow rate. An arbitrary large value is assigned to the 
capacity rate of two-phase refrigerant, in order to ensure that the air becomes 
the minimum fluid. 
4.1.2.2 Subroutine cAircalc 
cAircalc calculates the capacity rate of the aIr. A polynomial function of 
temperature is used to evaluate the air specific heat. The coefficients for this 
polynomial were obtained from a curve fit of data generated with EES 
(Engineering Equation Solver), a software package used to solve sets of 
simultaneous equations that includes refrigerant property functions [27J. 
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4.1.2.3 Subroutine EPScaic 
EPScalc is called by HX to calculate a module's effectiveness. e. This is done 
with equations (3.1.3). 
4.1.2.4 Subroutine UAcalc 
UAcalc calculates a module's over-all heat transfer coefficient. UA, with 
equation (3.1.6). Subroutine is called to evaluate the refrigerant side heat 
transfer coefficient. 
4.1.2.5 Subroutine hRefside 
hRefside calculates the refrigerant side heat transfer coefficient. It calls· 
hSPDittllS or hSPPetllkhov when the refrigerant is in single phase, an·d 
hTPCavallini. hTPTraviss or hTPShah when the refrigerant is in condensing. 
These five subroutines are based on the correlations described in sections 3.1.3 
and 3.1.4 Refrigerant quality is used to determine the refrigerant phase. 
4.1.2.6 Subroutine RAirside 
RA irside calculates the total air side resistance with equations (3.1.34) and 
(3.1.38) through (3.1.41). 
4.1.3 Pressure Change Subroutines 
These subroutines are related to the calculation of the refrigerant pressure 
change in a module. dPmod. Figure 4.4 presents the major subroutines called to 
calculate the pressure change. not including property subroutine calls. 
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4.1.3.1 Subroutine MODdP 
MOD d P is called to calculate the amount of refrigerant pressure change in the 
module. It calls 0 nePhasedP for single-phase refrigerant and TwoP hasedP for 
two-phase refrigerant. Refrigerant quality is used to determine its phase. 
4.1.3.2 Subroutine ONEPhasedP 
ONEPhasedP calculates the refrigerant. pressure changes due to friction. 
momentum and elevation effects. FanningdP and ElevationdP are called to 
compute pressure changes due to friction and gravity respectively. Prcssure 
changes due to momentum effects are obtained from equation (3.2.10). The 
three terms are then added in order to get the total pressure change. 
According to the sign convention chosen. pressure drops are considercd 
positive. Friction always causes the pressure to drop and therfore results in a 
positive pressure change. Because the heat exchanger modules are part of a 
condenser, momentum effects tend to increase the refrigerant pressure. 
Gravity also increases the refrigerant pressure. due to the orientation of the 
condenser. 
4.1.3.3 Subroutine FanningdP 
FanningdP calculates the single phase friction pressure drop. of both the 
liquid and the vapor phases present, using equation (3.2.2). Single phase flow 
is treated as a special case of two-phase flow. with a quality of zero or one. For 
sub-cooled refrigerant, the liquid friction pressure drop is equal to the total 
friction pressure drop, and the vapor friction pressure drop is zero. For 
superheated refrigerant, the vapor friction pressure drop is equal to the total 
friction pressure drop, and the liquid friction pressure drop is zero. 
Reynolds is called to calculate the Reynolds numbers of the liquid and the 
vapor phases. These Reynolds numbers are then used to determine whether 
each phase has laminar or turbulent flow and this information is stored in an 
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output parameter, flowS. Pressure drops are then calculated from equations 
(3.2.13) and (3.2.14). 
4.1.3.4 Subroutine FanningFactor 
The friction Fanning factor is calculated with equations (3.2.4) or (3.2.5) for 
turbulent flow, and (3.2.3) for laminar flow. The flow is assumed laminar for 
Reynolds numbers less than 2300, and turbulent for larger ones. Refrigerant 
quality is used to determine whether the refrigerant is sub-cooled or 
superheated. 
4.1.3.5 Subroutine TWOPhasedP· 
TWOPhasedP calculates the pressure changes in two-phase refrigerant due to 
friction, momentum and elevation effects. Friction pressure drop is computed 
with the Martinelli method described in section 3.2.1.2. FanningdP is called to 
calculate the pressure drop that each phase would have if it were flowing 
alone in the tube. From those pressure drops, the Martinelli parameter is 
obtained, based on the module's inlet conditions. PHlcalc is then called to 
evaluate the two-phase frictional multipliers, <I> liq and <I> v ap. The total 
frictional pressure drop is calculated twice, using <I> yap and <I> liq. An average 
is used, although the two results should be equal. 
The same steps are followed to calculate the Martinelli parameter based on the 
module's outlet conditions. alphaCALC is called to evaluate the void fraction at 
the module's inlet and outlet, using the corresponding value of the Martinelli 
parameter value. PmomTWOphase is then called to evaluate integral equiltion 
(3.2.25) and to solve for the momentum two-phase pressure change. 
ElevationdP is called to calculate the pressure change due to gravity. The 
three pressure change terms are then added to obtain the total two-phase 
pressure change in the module. 
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4.1.3.6 Subroutine alpha CALC 
aiphaCALC calculates the refrigerant void fraction based on Zivi's correlation, 
with equation (3.2.24). 
4.1.3.7 Subroutine PHIcaic 
PHlcalc evaluates the two-phase frictional mUltipliers with equations (3.2.19) 
and (3.2.20). The input parameter flowS, indicates whether the liquid and 
vapor phases are laminar or turbulent. 
4.1.3.8 Subroutine PmomTWOphase 
PmomTWOphase solves integral equation (3.2.25). Pmomlntegral is .called to 
evaluate the integrand at the module's inlet and outlet. 
4.1.3.9 Subroutine PmomIntegral 
Pmomlntegrai evaluates the integrand in equation (3.2.25), based on the 
module's inlet and the outlet conditions. 
4.1.3.10 Subroutine ElevationdP 
ElevationdP calculates the pressure change due to gravity effects with 
equations (3.2.12) or (3.2.27), depending on whether the refrigerant is in 
single phase or in two-phase. Refrigerant quality is used to determine the 
phase of the refrigerant. 
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4.1.4 Non-dimensional Parameter Subroutines 
These subroutines are called to calculate non-dimensional parameters, such as 
the Prandtl and Reynolds numbers, for the refrigerant. They are called 
several times in the program by the heat transfer and the pressure change 
subroutines. 
4.1.4.1 Subroutine Reynolds 
Reynolds calculates the Reynolds numbers of the liquid and the vapor phases 
with equation (3.1.7). Refrigerant quality is used to obtain the appropriate 
mass flow rate. 
mvap =mref xref (4.1.2a) 
mJiq =mref (1 - xrer) (4.1.2b) 
Single phase flow is treated as a special case of two-phase flow, with quality 
values of zero or one. 
4.1.4.2 Subroutine Prandtl 
Prandtl calculates the refrigerant Prandtl number with equation (3.1.8). 
4.1.5 Property Su broutines 
Property subroutines are called to evaluate air and refrigerant properties, 
both thermodynamic and thermophysical. 
4.1.5.1 NIST Interface Subroutines 
Saveral refrigerant thermodynamic properties may be calculated with 
subroutines developed by the National Institute of Standards and Technology 
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(NIST) [28]. The original subroutines were converted from Fortran to 
TrueBasic at the University of Illinois. In addition, a number of interface 
functions were written to, facilitate their use [29]. For this simulation, all the 
functions were transformed into s'ubroutines for practical reasons, since 
subroutines need not be declared in the main program. Also, new interface 
subroutines were written. 
Two versions of the NIST subroutines are available, and for convenience, they 
will be referred to as the 'general' and the "134a-specific' NIST subroutines in 
this text. Tables 4.3 and 4.4 list the interface subroutines associated with both 
versions. The advantage offered by the 'general' subroutines is that they are 
applicable to various refrigerant types. Unfortunately, they were found not to 
converge for refrigerant R-134a at pressures highcr than 320 psi. On the 
other hand, the run time of the 'R134a-specific' subroutines is higher than 
that of the 'general' NIST routines. For this reason, curve-fits developed for 
refrigerant R-134a by Kempiak [30] were 'used calculate the saturation 
properties. 
4.1.5.2 Subroutine Psat 
Psat calculates the refrigerant saturation pressure based on its temperature. 
A NIST interface subroutine, P sa tT, is called for refrigerant R-12. For 
refrigerant R-134a, a curve-fit of tabulated data is used [30], 
Psat = -26797 + 299.89 Tsat - 1.1504 T2sat + 15.212e-4 T\at (4.l.3) 
In the equation abovc, the temperature is measured in degrees Kelvin and the 
pressure in kPa. 
4.1.5.3 Subroutine Tsat 
Tsat calculates the refrigerant saturation temperature based on its pressure. 
A NIST interface subroutine, Ts atP, is called for refrigerant R-12. For 
refrigerant R-134a. a curve-fit of tabulated data is used [30], 
66 
Tsat = 255.77 + 73.663e-3 Psat - 19.727e-6 p2sat + 21.90ge-1O p3sat (4.1.4) 
In the equation above. the temperature is measured in degrees Kelvin and the 
pressure in kPa. 
4.1.5.4 Subroutine SatProp 
SatProp calculates the refrigerant saturation temperature. specific volumes 
and enthalpies based on its pressure. A NIST interface subroutine. Saturation 
is called for refrigerant R-12. For refrigerant R-134a, the following curve-fits 
of tabulated data are used [30]. as well as equation (4.1.4), 
1
vf = 19970 - 177.85 Tsat + 0.57787 T2sat - 63.806e-5 T\at (4.1.5) 
1
-- 12.132e+4 - 1569.7 Tsat + 7.6036 T2sat - 16.351e-3 T3sat (4.1.6)vg 
hf = 91.189 - 1.4507 Tsat + 47.693e-4 T2sat (4.1.7) 
hg = -16456 + 215.19 Tsat - 1.0431 T2sat + 22.526e-4 T3sat ­
- 18.248e-7 T4sat (4.1.8) 
SI units are required for all the equations above. 
4.1.5.5 Subroutine TrFph 
TrFph calculates the refrigerant temperature as a function of pressure and 
enthalpy. For refrigerant R-134a, an interface subroutine, called A llph , was 
already available. For refrigerant R-12, subroutines tRsuperheat or tRSllbcool 
are called when the refrigerant is in single phase, and the saturation 
temperature is assigned when it is in two-phase. The two single phase 
refrigerant temperature subroutines, tRsuperheat and tRsubcool , are based 
on an iterative scheme based and subroutine HPrFpt , which calculates the 
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refrigerant enthalpy as a function of refrigerant tempe~ature and prcssure. 
An equation used to improve the value of the temperature from one iteration 
to the next was derived from a linear approximation of the refrigerant specific 
heat and has the form: 
h . h ldTnew = Told + given - 0 
CPr (4.1.9) 
A constant value is used for the refrigerant specific heat in this equation. At 
the end of each iteration the enthalpy value is calculated from the gi ven 
pressure and the approximated temperature. The convergence criteria is 
based on the difference between this calculated enthalpy and the given 
enthalpy. When the refrigerant is condensing. its temperature is set equal to 
the saturation temperature corresponding to the given pressure. 
4.1.5.6 Subroutine HrFpt 
HrFpt calculates the refrigerant enthalpy as a function of pressure and 
temperature using the NIST subroutines HPT and Allptq for refrigerants R-12 
and R-134a respectively. 
4.1.5.7 Subroutine HrFx 
HrFx calculates the refrigerant enthalpy as a function of quality and the 
liquid 	 and vapor saturation enthalpies with 
hR = hf + xr(hg - hf) (4.1.10) 
4.1.5.8 Subroutine VrFpt 
VrFpt calculates the refrigerant specific volume as a function of pressure and 
temperature using the NIST subroutines VPT and Allptq for refrigerants R­
12 and R-134a repectively. 
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4.1.5.9 Subroutine XrFph 
XrFph calculates the refrigerant quality based on the refrigerant enthalpy, 
the saturation enthalpy values corresponding to the refrigerant pressure, and 
the refrigerant phase. The quality is evaluated as follows: 
Superheated refrigerant: Xr =1 
Sub-cooled refrigerant: Xr = 0 
h - h rCondensing refrigerant: Xr = h h g - r 
(4.1.11) 
4.1.5.10 Subroutine RegionFph 
RegionFph determines whether the refrigerant is superheated, condensing or 
sub-cooled. based on its pressure and enthalpy values. The enthalpy value is 
compared to the liquid and vapor saturation enthalpies corresponding to the 
pressure. using the following criteria: 
Superheated refrigerant: h > hg 
Sub-cooled refrigerant: h < hr 
Condensing refrigerant: hf < h < hg 
4.1.5.11 Subroutine RegionFx 
RegionFx determines whether the refrigerant is superheated. condensing or 
sub-cooled based on the refrigerant quality value. 
Superheated refrigerant: Xr = 1 
Sub-cooled refrigerant: Xr = 0 
Condensing refrigerant: 0< Xr < 1 
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4.1.5.12 Subroutine TaFh 
TaF h calculates the air temperature based on the air enthalpy. An equation 
derived from a linear approximation of the air spacific heat is used, 
with reference values 
T - T f + h a -ha,refa ­ a,re 
CPa (4.1.12) 
and 
Ta,ref = 68 F 
ha,ref = 120 Btu/lbm.K 
The specific heat is assumed constant in the equation above. 
4.1.5.13 Subroutine HaFt 
H aF I calculates the air enthalpy based on the air temperature. An equation 
derived from a linear approximation of the air spacific heat is used, 
ha = ha ref + cPa(T a - T a,ref) (4.1.13) 
with reference values 
Ta,ref = 68 F 
and 
ha,ref = 120 Btu/lbm.K 
The specific heat is assumed constant in the equation above. 
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4.1.5.14 Subroutine Vise 
Vise calculates the refrigerant viscosity as a funtion of temperature. usirig 
different correlations for liquid and vapor refrigerant. The approximate 
equations recommended by ASHRAE for refrigerant R-12 are listed below [31]: 
In J.l liq(10-3 N .~) =-3.81728 + 68~713 (4.1.14) 
m r 
for 170K<Tr<340K 
J.lliq(10-3 N.~) = -2.3601 + 0.0159*Tr - 2.5*1O-5*Tr2 (4.1.15) 
m 
for 340K<Tr<380K 
and 
J.l sat vap(10-3 N.~) = -0.16244 + 1.7545*1O-3*Tr - 5.99112*1O-6*T r2 + 
m 
(4.1.16) 
The refrigerant temperature. Tr • is measured in degrees Kelvin. 
For refrigerant R134a. the following equations were obtained from General 
Electric [32] 
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J.lllq · a T (4.1.17)= -5.9 + 4.4465e-3 TR +--Ra 
J.lvap = 3.371e-3 + 5.714e-5 TRa (4.1.18) 
The refrigerant temperature. TRa • is measured in degrees Rankine. 
4.1.5.15 Subroutine Thereon 
Thereon calculates the refrigeran~ thermal conductivity as a funlion of 
temperature.using different correlations for liquid and vapor refrigerant. 
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The approximate equations recommended by ASHRAE for refrigerant R-12 are 
listed below [31]: 
= 0.0783 - 0.000366*Tr (4.1.19) 
ksat'vap (~~K) = 7.44906*10-3 + 2.67941 *10-5*Tr + 
+ 2.7736*1O-6*Tr2 (4.1.20) 
The refrigerant temperature. Tr • is measured in degrees Kelvin. 
For refrigerant R 134a. the following equations were obtained from General 
Electric [32] 
kliq = 0.1039 - 1.1175e-4 TRa (4.l.21) 
kvap = 7.204e-3 - 3.19ge-5 TRa + 5.866e-8 T2Ra 	 (4.l.22) 
The refrigerant temperature, TRa • is measured in degrees Rankine. 
4.1.5.16 Subroutine SpecHeat 
SpecHeat calculates the refrigerant specific heat as a funtion of temperature. 
The approximate equations recommended by ASHRAE for refrigerant R-12 are 
listed below [31]: 
CPliq (~)=4.02967* 10-2 + 9.71208*1O-3*Tr ­kg.K 
+ 	6.25641*1O-8*Tr3 (4.l.23) 
for 190K < Tr< 300K 
CPliq (~)= -16.7169*10-2 + 1.83132*1O- 1*Tr - 6.37959*1O-4 *Tr2 +kg.K 
+ 7.47156*1O-7*Tr3 (4.1.24) 
for 300K < Tr < 380K 
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and 
cPsat vap (~)= -4.17115 + 5.2195*1O-2*Tr - 1.97519*1O-4*Tr2 + kg.K 	 . 
+ 	2.59884*1O-7*Tr3 (4.1.25) 
for 220K < Tr < 345K 
cPsat vap (~) =-2.29644*103 + 1.94615*101*Tr - 5.49968*1O-2*Tr2 +kg.K . . 
+ 5.18519*10-5*Tr3 (4.1.26) 
for 345K <Tr< 370K 
The refrigerant temperature, Tr , is measured in degrees Kelvin. 
For refrigeran t R 134a, the following equations were obtained from cu rve-fi ts 
of data generated with the Engineering Equations Solver package. 
CPliq (k~~K) = 1.3135 + 3.992Se-3 Tc + 1.7497e"6 T2c + 4.4304c-7 T3c ­
- 1.6215e-S T4c + 2.0192e-1O T5c (4.1.27) 
cPvap (k~~K) = 0.9015 + 4.4663e-3 Tc + 4.7600Se-5 T2c + 9.9S25e-7 T3c ­
- 4.192ge-S T4c + 4.S71Se-1O T5c (4.1.2S) 
4.1.6 Book-keeping Subroutines 
This category includes all the subroutines related to printing, rearranging or 
transferring information that was previously calculated. 
4.1.6.1 Subroutine FiIeopen 

Fileopen opens existing test files and creates new text files. 
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4.1.6.2 Subroutine PrintResults 
PrintResults is called after the Newton-Raphson scheme has converged in 
order to print the final results both on the screen and on an output file. These 
include the values of the Newton-Raphson variables and the corresponding 
residuals, the run time, and the total condenser capacity. 
4.1.6.3 Subroutine PrintArray 
PrintArray is called to print the storage arrays, such as hRo. xRo. etc. both on 
the screen and on an output file. It also calculates and prints the average 
outlet air temperature. 
4.1.6.4 Subroutine Arraylni 
Arraylni is called at the beginning of the program to initialize the storage 
arrays. The information supplied by the user is initially stored in an array 
called InputData. This subroutine transfers the values of the input parameters 
from this array to the appropriate storage arrays. Other important tasks of 
this subroutine are to initialize the XO array where the Newton-Raphson 
variables are stored and to calculate the total air side resistance of the 
condenser. 
4.1.6.5 Subroutine Lregion 
Lregion calculates the lengths of the superheated. condensing and sub-cooled 
sections. The length of a given region is set equal to the sum of the lengths of 
the modules belonging to that region: 
The information stored in arrays regionOUTF and regionOUTB is used to 
determine whether the refrigerant leaving the module IS superheated. 
condensing or sub-cooled. The module inlet and oullet refrigerant phases are 
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compared in order to identify those modules in which a phase transition 
occurs. 
The two transition modules are treated in different ways. The module in which 
the transition from superheated vapor to condensing refrigerant takes pI ace 
is considered to be part of the superheated section. The one in which the 
transition from condensing refrigerant to sub-cooled liquid takes place, on the 
othar hand, is considered 'to be part of the condensing section. 
4.1.6.6 Subroutine CheckResults 
The final results are examined by CheckResuIts before they are printed. This 
includes making sure that no module lengths are negative. and that the 
refrigerant quality decreases along the condenser length. The user is 
informed of any inconsistencies found in the results with the help of flag 
variables Err] QuaI$ • Err2QuaI$ and ErrLength$ . All three variables may 
have values of "YES" or "NO". Err] QuaI$ determines whether or not the quality 
values are in descending order along a given condenser tube row. Err2Qual$ 
warns the user when the refrigerant quality is zero at the exit of module Nmod, 
but non-zero at the exit of module (Nmod-l). Finally. ErrLength$ indicates 
whether any of the module lengths have negative values. 
4.1.6.7 Subroutine dPcalc 
dPcaIc calculates the total pressure changes due to friction. acceleration and 
elevation effects in both tube-rows. It. does so by summing the corresponding 
pressure changes in each module. stored in arrays dPfFRONT, dPfBACK. 
dPmFRONT. dPmBACK. dPgFRONT and dPgBACK. 
4.2 Run Time Reduction Techniques 
A number of modifications were made to the program structure in order to 
minimize the run time. The quality of the results was not affected by these 
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modifications because the convergence criteria remained unchanged. Those 
changes that resulted in significant time reductions are discussed in this 
section. 
4.2.1 Calculation of the 'Fprime' Matrix 
Since the value of the Fprime matrix does not change significantly from one 
iteration to the next, it is not necessary to call CAL CF P for every iteration. As 
the number of iterations between CAL CF P calls increases, however, so does the 
number of iterations before convergence. For this simulation, it was found 
that when calling CAL C F P every three iterations, the time saved by not 
calculating Fprime was greater than the time spent for the additional 
iterations. The optimum frequency of the CALCFP calls depends on the size of 
the Fprime matrix, and consequently on the number of modules. 
4.2.2 Up-Dating of Refrigerant Properties 
Evaluating the air and refrigerant properties for every residual calculation 
was found to be very time-consuming. CALC R is called several times when the 
Fprime matrix is evaluated and, as far as the fluid properties are concerned, 
these calls are almost identical since only one Newton-Raphson variable is 
slightly modified from one call to the next. It is therefore only necessary to 
up-date the air and refrigerant properties once every iteration. This is done 
in the program by the subroutine PropertyUpDate. 
4.2.3 Print Statements 
Print statements may significantly increase the run time of the simulation, 
particularly when the results are sent to an output file. The public variable 
'comment' allows the user to specify whether results should be printed every 
iteration or only after convergence. 
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Table 4.1. Properties Evaluated by Subroutine "PropertyUpDate" in 
Versions where the Refrigerant Outlet Qualities are Fixed 
Property Name Modules for which 
it is Evaluated 

Saturation Ternperature, Enthalpies All 

and Specific Volume 

Refrijl;erant Phase All

-
Refrigerant Enthalpv All exc~t first and last 
Refrijl;erant Temperature All 
Refri !!eran t Specific Volume Single Phase Modules onlY 
Table 4.2. Properties Evaluated by Subroutine "Property UpDate" in 
Versions where the Module Lengths are Fixed 
Property Name Modules for which 
it is Evaluated 

Saturation Temperature, Enthalpies All 

and Specific Volume 

Refri !!erant Phase All 

Refri!!erant Oualitv All except first and last 
Refri!!erant Temperature All 
Refrigerant Specific Volume Single Phase Modules onlv 
77 
Table 4.3. Description of the Interface Subroutines used for R12 
Name Inout Outout Run Time + rsl 
TsatP P Tsat 1.3 
PsatT T Psat 3.1 
HPT P.T H 1.4 
HPX Px H 1.5 
VPT PT V 1.4 
Saturation P Tsat.Vg.Vf 8.0 
h~.hf.hf~ 
+ Run time on a MacH personal computer 
Table 4.4. Description of the Interface Subroutines used for R134a 
Name Inout Outout Run Time+ rsl 
Fsato P T. PIin. Pvan 5.8 
AIIoto P.T.x D. h.s 0.6 
AIIph h.P T.s.p.x 8.7 
+ Run time on a MacH personal computer 
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Read Data from Input Flle 
Dlmenslonalize Storage 
Arra s 
Call Arraylnf to Evaluate 
Condenser Inlet Conditions, 
Inltlallze Storage Arrays 
and Calculate the Air-side 
Total Resistance 
Call NR to So lve a Set of 

Simultaneous Equations 

Call PrfntResults to 

Print the Final Results 

END 

Call Lregtons to Calculate the Lengths 
of Each Region (Superheated, Condensing 
and Sub-coo led) in the Front Tube 
Call Lregtons to Calculate the Lengths 
of Each Region (Superheated, Condensing 
and Sub-coo led) in the Back Tube 
Call CheckResults to check for any 

Inconsistencies in the Final Results 

Figure 4.1 a. Flowchart of Main Progra m 
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Call PropertyUpDate to Evaluate 

Refrl erant Properties 

Call CACFP to Evaluate the Partial 
Derivative Matrix. CACFP calls 
CALCR several times 
Call CALCR to Evaluate the 
Residual E uations 
Check for Convergence 
After Convergence, call PropertyUpDate 
to Evaluate the Refrigerant Propert ies, 
PrtntArray to Print the Storage Arrays 
Figure 4.tb. Flowchart of Subroutine NR 
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Figure 4.1c. Flowchart of Subroutine CALCR 
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CHAPTER 5 
MODEL VALIDATION 
Both the accuracy and the consistency of the model werc tested using 
experimental data as well as cross-checks between the different versions. This 
chapter presents the results obtained and discusses possible sources of error. 
In addition, the influence of several simulation parameters on the condenser 
performance is analyzed. 
Steady-state data was collected for a wide range of conditions typically 
associated with mobile air-conditionners using the experimental facility built 
for Project SP03 [20]. A test matrix consisting of 18 and 52 data points, 
corresponding to refrigerants R-12 and R-134a respectively, was used to 
validate the computer model. The air and refrigerant inlet conditions, as well 
as the calculated condenser capacity and refrigerant pressure drop for these 
data points are listed in Tables 5.1 a through 5.2b 
5.1. Cross-checks between Different Versions of the Simulation 
The consistency of the model may be examined by comparing results obtained 
with different versions of the program for the same testing conditions. 
Testing conditions aTe determined by a number of refrigerant and air-related 
parameters listed in Appendix A whose values are assigned by the user. The 
geometric dimensions of the condenser in the experimental set-up were llsed 
for all simulation runs unless otherwise specified. For convenience, the 
experimental data points listed in Tables 5.1 a through S.2b were labeled so that 
a single number may be used to designate a given set of conditions. 
Several parameters, such as condenser capacity and total refrigerant pressure 
change, are part of the simulation's output data. but only the values of the 
Newton-Raphson variables wiII be referred to as results in this analysis. In 
the case of the "Fixed Quality" version they .are the lengths of all modules. not 
including the last one in each tube. and the outlet refrigerant enthalpy of the 
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last module in each tube. This version was run for several sets of conditions 
with arbitrary quality distributions and the value of the calculated module 
lengths was recorded. The "Fixed Length" version was then run for the same 
conditions. assigning the recorded length values to the corresponding 
modules. As expected. the resulting quali ty distributions were very close to the 
ones used to run the "Fixed Quality" version. A numerical comparison of the 
results corresponding to a randomly selected experimental test run, R-134a 
#32. is included in Tables 5.3a and 5.3b. Similar checks were done for several 
test runs with refrigerants R-12 and R-134a. 
The approach described above is analogous to the successive substitution 
solution of two equations y=f(x) and x=g(y). Starting with an arbitrary value 
Xold. Yold=f(xold) can be calculated and Xold and xnew=g(Yold) compared. More 
details about the version cross-checks are included in Appendix A. One 
explanation for the results in Table 5.3 not being identical, is that the program 
is terminated before the residuals actually reach a zero value. Hence the 
solutions obtained with both versions are not exact solutions. 
The two versions could have been run in the opposite order, choosing an 
arbitrary length distribution, calculating the quality values with version 
"Fixed Length" and finally calculating the module lengths with version "Fixed 
Quality". With the order used, however, problems associated with transition 
modules were avoided by choosing quality distributions such that phase 
changes take place at the module interfaces. 
The approach discussed in this section is useful only in terms of validating the 
implementation of the Newton-Raphson solution scheme, not the the accuracy 
of the results. Any significant discrepancies between the two versions would 
indicate a major flaw in the program structure of at least one of them. On the 
other hand. these cross-checks do not give any indication of the accuracy of 
the results.' 
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S.2 Sensitivity Analysis of the Simulation Results 
The influence of several parameters on the final results was examined. Some 
of the parameters considered include the number of modules, Nm 0 d, the 
number of iterations, Ni ter, and the air and refrigerant side heat transfer 
coefficients. 
S.2.1 Effect of the Number of Modules on the Condenser Capacity 
The "Fixed Quality" version was run several times for a given set of conditions 
using a varying number of modules to simulate the condensing region. The 
minimum total number of modules that may be used for this version is three, 
where each module corresponds to one of the following sections: superheated, 
condensing and sub-cooled. Due to memory constraints of the MacIntosh II 
computer used to run the program, no more than 18 modules could be used. 
Figures 5.1 a and 5.1 b correspond to test runs "R-134a #38" and "R-134a #49" 
respectively, two experimental sets of conditions arbitrarily selected. The 
same trend was observed in both cases: the total condenser heat capacity 
decreases with an increasing number of modules. This may be easily 
explained with the help of Figure 3.5, in which the heat transfer coefficient 
calculated with the Cavallini-Zecchin correlation is shown to increase with 
refrigerant quality. Increasing the number of modules results in a more 
. 	 accurate representation of the quality decrease along the condenser length. 
Heat transfer coefficients for a given module are based on the inlet conditions, 
and therefore lower values are calculated which in turn yield a lower total 
heat capaci ty. 
The dependence of the heat capacity on the number of modules is stronger for 
low Nmod values and there appears to be no advantage to using more than five 
or six modules between entrance and exit of the condenser. Figures 5.2a and 
5.2b show the error in the heat capacity calculation when using variolls 
module numbers. The heat capacity corresponding to fifteen modules was 
treated as the exact solution, because due to memory constraints the program 
could not be run with a number of modules approaching infinity. 
87 
Two factors. both of which increase with Nmod. were taken into account when 
choosing the number of modules: run time and accuracy. Unl'ess otherwise 
specified. six modules were used for all the two-phase runs presented in this 
chapter. Figures 5.2a and 5.2b indicate that this number may produce errors 
of not more than 2%. 
5.2.2. Effect of the Number of Iterations on the Condenser Capacity 
The number of iterations required for the Newton-Raphson solution is another 
important concern. It was initially assumed that this parameter, Niter, was 
determined solely by the termination requirements. As seen from Figu res 
5.3a. 5.3b. 5.4. 5.5a. 5.5b. 5.5c and 5.6. there are some Niter values for which the 
residuals and the rate of change in the Newton-Raphson variables are both 
small even before the program has converged to a final solution. Figures 5.3a, 
5.3b and 5.4 show the variation in the Newton-Raphson variables and the 
residual values respectively, obtained with the "Fixed Length" version and data 
from run R134a #32. Similar plots are presented in Figures 5.5a, 5.5b and 5.6 
with results corresponding to the "Fixed Quality version. In response to this, 
another variable was introduced called MINITER. which represents the 
minimum number of iterations required before convergence. It was 
concluded that nine iterations were sufficient for all the test conditions 
considered . 
. Looking at Figure 5.4, the program is assumed to converge when all the 
residuals cease to oscillate around a zero value as the number of iterations 
increases. Figures 5.3a and 5.3b may be used to monitor the order in which the 
Newton-Raphson variables are evaluated. As the solution propagates along the 
condenser tube. refrigerant properties such as enthalpy and pressure closest 
to the condenser outlet are the last to reach a steady value. BOlh enthalpies and 
pressures were initialized based on the entering conditions. Better initial 
guesses might improve the convergence, given that the actual distributions 
are far from being uniform, the enthalpy in particular. 
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5.2.3. Effect of Air and Refrigerant Side Heat Transfer Coefficients 
Given that one of the goals of Project SP03 was to develop air side heat transfer 
coefficient correlations. it was important to determine what effect any errors 
in the prediction of these coefficients would have on the total condenser 
capacity calculation. For this purpose. the simulation was run using modified 
values of the air side heat transfer coefficients. arbitrarily increasing or 
decreasing them with respect to the calculated values. A similar approach was 
applied to the refrigerant side heat transfer coefficients. 
The results of both analysis. shown in Figures 5.7 and 5.8 for data from run 
R134a #22. indicate that any errors in the air or refrigerant heat transfer 
coefficients are damped out by the condenser capacity calculation. Doubling 
the value of anyone of these coefficients correspond to changes in the 
capacity of less than 10%. As expected. the capacity was found to be more 
dependent on the air side coefficients. but the difference between the air and 
the refrigerant results was not significant enough as to consider one of them 
the dominant side. 
5.3. Validation with Experimental Results 
The accuracy of the simulation results was examined by comparing them to 
experimental data. The test matrices for refrigerants R-12 and R-134a 
described in Tables 5.1a through 5.2b were used. 
5.3.1 Condenser Capacity Calculation 
The experimental condenser capacity calculation was based on the air and the 
refrigerant side. Figures 5.9 and 5.10 compare the experimental capacities 
corresponding to refrigerants R-12 and R-134a respectively. The following 
equation was used for the air side calculation. assuming a constant value for 
the air specific heat. 
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Qair = mair cp air (Tair. out - T air. in) (5.1) 
The capacity may also be expressed in terms of the refrigerant enthalpy drop. 
When the condenser refrigerant inlet and outlet conditions are both single­
phase. the enthalpy at these two locations may be calculated as a function of 
temperature and pressure. Thus• 
. 
Qref = mref [ H(Pref. in. T ref. in) - H(Pref. out. T ref. out) ] (5.2) 
The heat balance between the air and refrigerant based capacities for 40 of 52 
data points corresponding to refrigerant R-12 was within plus or minus 10%. 
16 of 18 data points corresponding to refrigerant R-134a were within this 
range. 
Part of the experimental error maybe attributed to air stratification at low air 
flow rates. The measurements from a thermocouple grid installed at the exit of 
the condenser confirm this claim. showing air temperature' variations as large 
as SO F. In addition. problems were encountered with data points 
corresponding to low air temperature differences. Any errors in the air 
temperature measurements become increasingly important for smaller air 
temperature differences. directly affecting the capacity calculation with 
equation (5.1). 
Since the refrigerant based capacity calculation appeared to be more reliable, 
the simulation results were compared to this quantity. Figures 5.11 and 5.12 
present the results with refrigerants R-12 and R-134a respectively. The 
agreement between the experimental and the simulation capacities is within 
plus or minus 10% for 18 of the 18 R-12 test conditions. 45 of the 52 R-134a 
results were within this range. or 86% of the data. 
So far. the air temperature ratio (4)) introduced in Chapter 2 has not been 
mentioned. Equation (2.3.1) is reproduced here for convenience 
tAiBavg =tAiFavg .. 4> [tAiFavg - tAoFavg ] 
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Approximations to the ideal (jl values were calculated for all R-134a data points 
as shown in Table 5.2b. This is the value of (jl that minimizes the error 
between the capacity calculated by the simulation and that based on the 
refrigerant side. (jl was set equal to zero for those cases where the ideal value 
was found to be negative. based on the physical significance of this parameter. 
Contrary to an initial suspicion. there appears to be no relation between the 
air temperature ratio and the air mass flow rate. (jl was therefore assumed 
constant for a given condenser geometry. and the average of all ideal values, 
0.19. was used for all simulation runs. The sensitivity of the capacity on Q> was 
also examined. Doubling this ratio from 0.1 to 0.2 only resulted in capacity 
changes of less than 5% for most test conditions. 
5.3.2 Refrigerant Pressure Drop Calculation 
The experimental and simulation total pressure drops are compared in Figures 
5.13 and 5.14. corresponding to refrigerant R-12 and R-134a respectively. The 
disagreement between the two results may be due to a number of reasons, 
which are discussed below. Since the total pressure drop is the sum of several 
components. each of these will be considered separately. 
Friction effects account for most of the pressure drop. The accuracy of the 
two-phase refrigerant correlations needs to be verified, in particular for 
quality values near 0 and 1. The pressure change due to acceleration effects 
was found to be small in comparison to the friction pressure drop, and 
therefore can not be responsible for the large errors recorded in Tables 5.1 b 
and 5.2b. The same may be said about the pressure change due to gravity 
effects. For this calculation. a uniform elevation change per unit length of 
condenser tub~ was introduced in order to simplify the calculations. 
Finally. the additional pressure drop due to the tube bends was neglected. 
Hence the simulation pressure drops should be consistently lower than the 
experimental ones. This is not the case, however. and tube bend effects may be 
eliminated as the major source of error. 
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Table S.la. Experimental Test Matrix for Refrigerant R-12 
Air and Refrigerant Input Parameters 
Test # Ta in dTa Tr in Pr in Hr in Tr out Pr out Hr out mRet mAir 
[F) [F) [psi] I[Btullbm] [F] [psi] I[Btu/Ibm [Ibm/hr] [Ibm/hr 
1 55.7 65.5 189.4 262.0 97.8 147.2 243.7 43.5 919.1 3240.0 
2 55.1 61.5 179.8 249.1 96.5 142.1 229.8 42.2 918.3 3540.0 
3 54.8 57.9 174.2 240.1 95.8 138.4 220.1 41.2 929.1 3746.0 
4 55.7 54.0 167.5 231.5 94.8 135.2 211.2 40.4 919.6 3988.0 
5 56.2 51.5 168.9 226.8 95.3 133.1 206.1 39.9 913.4 4206.0 
6 55.9 49.3 168.2 221.8 95.4 130.8 200.0 39.3 914.5 4476.0 
7 56.7 46.8 167.4 218.2 95.4 129.2 196.2 38.9 915.4 4729.0 
8 56.4 45.2 161.9 215.4 94.5 127.6 192.1 38.5 943.9 4980.0 
9 73.6 31.5 137.3 183.0 91.4 119.8 x 36.5 409.6 2976.0 
10 74.6 29.2 135.0 179.5 91.1 118.2 x 36.1 411.4 3214.0 
11 72.8 24.7 133.2 166.8 91.4 110.4 x 34.2 409.1 3975.6 
12 73.7 21.8 127.5 164.4 90.5 108.3 x 33.7 410.5 4476.8 
13 73.8 19.3 125.4 159.6 90.3 104.8 x 32.8 409.3 5061.8 
14 80.9 122.4 161.4 89.7 113.8 161.3 35.0 203.0 1832.0 
15 79.8 226.4 312.8 103.3 165.8 301.6 48.4 588.8 1860.3 
16 79.3 118.3 152.4 89.4 107.9 148.8 33.6 413.7 7237.6 
17 79.6 123.0 138.7 90.9 102.9 139.6 32.3 210.3 4467.3 
18 109.8 184.6 254.4 97.2 148.9 249.3 43.9 597.4 7363.9 
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Table S.lb. Experimental Test Matrix for Refrigerant R-12 
Condenser Capacity and Refrigerant Pressure Drop 
Test # Q air Q ref Q airl Q sim Q simI dP axp dP sim 
[Btu/hr1 [Btu/hr1 Q raf [Btu/hr1 Q raf [psi1 [psi1 
% Ditt. Phi=0.19 % Diff. 
1 51585 49928 3.21 49509 -0.84 18.27 17.5 
2 52904 49863 5.75 49944 0.16 19.32 18.0 
3 52687 50679 3.81 50208 -0.93 20.05 19.1 
4 52321 50066 4.31 49738 -0.65 20.28 19.3 
5 52636 50657 3.76 50210 -0.88 20.7 19.4 
6 53611 51328 4.26 51149 -0.35 21.82 19.6 
7 53826 51753 3.85 51555 -0.38 22.03 , 9.9 
8 54747 52872 3.42 52549 -0.61 23.35 21.3 
9 22780 22477 1.33 22325 -0.67 X 5.4 
10 22805 22632 0.76 22332 -1.33 X 5.6 
11 23862 23413 1.88 22946 -1.99 X 5.7 
12 23716 23331 1.62 23072 -1.11 X 5.5 
13 23739 23549 0.80 23173 -1.60 X 5.7 
14 10150 11102 9.37 10215 -7.99 0.12 1.8 
15 30423 32290 6.14 32095 -0.60 11.17 6.8 
16 23919 23111 3.38 22578 -2.30 3.54 6.5 
17 14763 12315 16.58 12708 3.19 -0.86 2.0 
18 37399 31816 14.93 32865 3.30' 5.13 7.9 
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Table S.2a. Experimental Test Matrix for Refrigerant R-134a 
Air and Refrigerant Input Parameters 
Test # Ta In dT air Tr in Pr in Hr in Tr out Pr out Hr out mR mA 
fFl fFl [Fl [psi] [Btullb [F] [psi] I[Btullb [Ibm/hrl [lbm/hr 
1 79.1 25.2 131.9 196.5 120.1 120.6 189.7 51.5 407.8 4643.4 
2 79.5 15.9 128.8 173.6 120.3 112.2 169.3 48.4 409.5 7540.2 
3 80.0 34.7 148.5 244.6 121.8 134.9 230.9 56.9 602.5 4611.8 
4 79.5 22.6 138.7 211.7 121.0 122.7 195.7 52.3 595.6 7447.2 
5 80.0 28.8 235.6 231.4 146.0 132.1 222.8 55.9 585.2 7496.6 
6 80.3 13.4 115.0 149. t 118.5 103.8 149.2 45.4 206.9 4553.6 
7 80.0 16.6 210.4 163.4 141.9 107.6 158.0 46.7 199.5 4629.0 
8 80.1 7.9 108.2 136.9 117.4 98.2 137.8 43.3 192.2 7405.6 
9 80.0 10.1 204.0 147.1 141.0 101.5 144.5 44.5 195.3 7379.8 
10 109.9 11.6 141.6 217.1 121.1 130.9 219.1 55.4 209.6 4644.9 
11 110.3 15.5 237.2 237.0 146.3 135.6 234.2 57.2 198.9 4478.7 
12 110.0 7.6 137.7 208.5 120.9 126.9 206.8 53.9 217.2 7020.6 
13 110.0 10.1 232.7 220.5 145.6 130.5 217.9 55.2 206.4 7008.4 
14 110.1 20.3 156.7 266.4 122.3 144.8 263.0 60.8 371.9 4474.0 
15 109.8 28.7 255.4 306.0 148.9 154.1 296.8 64.5 386.6 4526.5 
16 110.0 14.5 151.9 252.0 122.1 140.0 247.1 58.9 417.5 7063.5 
1.7 110.1 19.5 252.7 277.3 149.0 146.7 269.7 61.6 393.7 6989.0 
18 110.0 20.9 162.6 289.5 122.8 149.9 280.7 62.8 600.8 6962.1 
19 110.1 22.8 155.1 260.6 122.1 143.5 259.4 60.3 207.1 1839.2 
20 110.2 40.4 177.7 347.1 123.6 166.2 343.6 69.6 410.1 1859.7 
21 109.6 55.7 280.6 405.0 152.8 177.8 394.5 74.6 392.0 1838.4 
22 80.1 28.9 133.7 187.6 120.7 119.5 187.3 51.1 201.9 1831.8 
23 79.8 37.0 226.7 209.2 144.3 126.7 207.4 53.8 200.6 1836.8 
24 80.3 51.0 157.6 26t.3 121.8 147.4 273.0 61.8 407.2 1829.7 
25 80.1 65.7 263.1 329.6 150.4 160.5 321.4 67.2 391.1 1829.9 
26 80.3 67.5 179.4 354.8 123.4 166.7 346.8 69.8 602.4 1839.3 
27 80.0 88.8 277.8 441.0 150.8 184.5 427.6 77.7 582.5 1845.5 
28 109.7 72.4 289.1 489.4 152.6 193.5 475.7 82.0 522.5 1839.8 
29 110.0 54.0 193.9 418.9 123.7 180.9 411.2 76.0 574.9 1854.7 
30 150.1 29.0 200.2 484.2 119.9 193.6 476.3 82.0 517.7 1837.4 
31 79.6 32.6 231.3 221.6 145.2 129.8 216.0 55.0 406.0 4609.2 
32 79.8 20.9 227.4 195.4 145.2 119.2 186.6 51.0 405.4 7419.8 
33 79.8 45.9 253.5 273.4 149.3 147.3 271.9 61.8 586.7 4605.1 
34 138.9 7.1 165.4 298.3 123.0 154.0 297.1 64.5 212.6 6921.9 
35 140.3 9.8 258.0 316.8 149.2 158.3 312.5 66.3 210.6 6875.6 
36 139.0 18.7 275.5 379.2 152.3 172.3 370.7 72.2 406.7 6863.2 
37 140.2 13.2 179.2 349.9 123.9 166.4 346.8 69.6 416.7 6866.8 
38 140.1 18.4 189.0 388.1 124.5 175.0 382.8 73.4 613.2 6876.3 
39 139.3 24.0 254.4 423.1 144.6 180.9 412.3 76.0 592.5 6961.6 
40 149.6 15.7 185.7 380.8 123.9 173.9 377.1 72.9 203.0 1712.6 
41 149.6 25.1 282.9 413.3 153.2 180.0 405.7 75.6 201.4 1718.9 
42 149.6 30.1 196.4 471.0 119.8 191.7 465.0 81.1 417.1 1717.4 
43 149.7 17.9 192.3 410.7 124.1 179.7 405.6 75.4 398.8 4328.0 
44 149.6 27.9 287.8 459.1 153.1 188.7 449.3 79.6 401.7 4315.0 
45 149.6 25.0 199.7 456.2 123.0 188.6 448.8 79.6 606.4 4382.4 
46 149.5 29.8 237.7 486.8 136.4 193.6 475.8 82.0 585.3 4416.7 
47 149.7 14.8 275.7 374.4 152.3 171.7 368.9 71.9 211.0 4390.6 
48 149.8 9.9 180.0 351.0 124.0 166.9 349.0 69.8 207.0 4311.5 
49 110.1 31.9 171.6 325.9 122.9 160.1 319.6 67.0 609.8 4314.2 
50 109.9 42.8 260.6 377.8 148.1 171.6 367.9 71.9 604.7 4371.9 
51 110.1 27.9 257.5 326.6 148.9 159.1 316.3 66.6 597.6 7064.4 
52 110.0 33.8 252.9 291.2 148.7 151.8 288.5 63.6 202.4 1754.8 
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Table 5.2b. Experimental Test Matrix for Refrigerant R-134a 
Condenser Capacity and Refrigerant Pressure Drop 
Test # o air Ore! Oairl Osim Osiml Best PH IOsim wI Obestl dP exp dP sim 
[Btu/hr] . [Btu/hr Ore! Phi=0.19 Ore! best PHI Ore! [psi] [psi] 
% Dill. % Dill. % Dill. 
1 28434 27968 1.67 26418 -5.54 0.1 27096 -3.12 6.76 5.47 
2 29133 29451 -1.08 28522 -3.15 0.1 29068 -1.30 4.31 5.76 
3 38887 39060 -0.44 37525 -3.93 0.1 38482 -1.48 13.68 9.51 
4 40898 40913 -0.04 40262 -1.59 0.1 41148 0.57 16.02 9.80 
5 52464 52736 -0.52 55586 5.40 0.1 55587 5.41 8.68 8.26 
6 14827 15137 -2.05 11974 -20.90 0.0 . 12583 -16.87 -0.15 2.15 
7 18672 19000 -1.73 19648 3.41 0.3 19345 1.81 5.39 1.46 
8 14217 14230 -0.09 11596 -18.51 0.0 12031 -15.45 -0.90 1.96 
9 18112 18834 -3.83 18987 0.81 0.1 19260 2.26 2.63 1.71 
10 13093 13782 -5.00 12524 -9.13 0.0 13089 -5.03 -1.97 1.50 
11 16869 17715 -4.77 18437 4.08 0.3 18248 3.01 2.80 0.92 
12 12966 14546 -10.86 12204 -16.10 0.0 12640 -13.10 1.66 1.76 
13 17201 18653 -7.78 19324 3.60 0.1 19422 4.12 2.52 1.47 
14 22070 22860 -3.46 22590 -1.18 0.1 23040 0.79 3.45 3.42 
15 31568 32618 -3.22 34574 6.00 0.5 32683 0.20 9.20 3.19 
16 24888 26397 -5.72 25359 -3.93 0.1 25837 -2.12 4.89 4.71 
17 33117 34445 -3.86 36544 6.09 0.5 35416 2.82 7.57 3.33 
18 35359 35995 -1.77 35272 -2.01 0.1 36007 0.03 8.72 7.80 
19 10190 12798 -20.38 11826 -7.60 0.0 12569 -1.79 1.20 1.28 
20 18257 22163 -17.62 19529 -11 .88 0.0 20942 -5.51 3.55 3.60 
21 24883 30666 -18.86 30967 0.98 0.2 30879 0.69 10.60 2.58 
22 12864 14050 -8.44 13088 -6.85 0.0 13945 -0.75 0.25 1.57 
23 16515 18160 -9.06 18774 3.38 0.3 18177 0.10 1.77 1.43 
24 22676 24414 -7.12 23258 -4.73 0.0 24747 1.36 -11. 72 4.11 
25 29215 32538 -10.21 33468 2.86 0.3 32345 -0.59 8.16 3.11 
26 30170 32316 -6.64 30074 -6.94 0.0 32189 -0.39 8.07 6.84 
27 39822 42629 -6.59 44162 3.60 0.3 42764 0.32 13.44 4.75 
28 32368 36917 -12.32 38442 4.13 0.3 37340 1.15 13.70 3.40 
29 24337 27438 -11.30 25009 -8.85 0.0 26821 -2.25 7.73 5.38 
30 12948 19589 -33.90 15722 -19.74 0.0 16920 -13.63 7.94 3.88 
31 36513 36628 -0.31 38497 5.10 0.5 36053 -1.57 5.56 4.98 
32 37683 38210 -1.38 40077 4.89 0.5 38169 -0.11 8.75 5.61 
33 51364 51364 0.00 54088 5.30 0.5 50654 -1.38 1.52 7.53 
34 11942 12445 -4.0.4 11830 -4.94 0.1 12014 -3.46 1.18 1.15 
35 16374 17476 -6.31 17971 2.83 0.1 18069 3.39 4.26 1.08 
36 31187 32569 -4.24 34489 5.89 0.5 32955 1.18 8.50 2.55 
37 22026 22602 -2.55 21803 -3.53 0.1 22245 -1.58 3.15 3.49 
38 30745 31351 -1.93 29808 -4.92 0.1 30420 -2.97 5.35 6.42 
39 40600 40640 -0.10 42936 5.65 0.5 40751 0.27 10.75 5.00 
40 6534 10365 -36.96 7987 -22.94 0.0 8567 -17.35 3.75 0.89 
41 10484 15637 -32.95 15023 -3.93 0.0 15837 1.28 7.53 0.73 
42 12561 16132 -22.14 13841 -14.20 0.0 14897 -7.66 5.96 2.72 
43 18826 19411 -3.01 18498 -4.70 0.1 18930 -2.48 5.04 2.77 
44 29254 29513 -0.88 32036 8.55 0.5 30238 2.46 9.84 1.91 
45 26623 26350 1.04 25103 -4.73 0.1 25732 -2.34 7.34 5.24 
46 31983 31815 0.53 32861 3.29 0.3 32058 0.76 11.00 4.16 
47 15790 16966 -6.93 17599 3.73 0.3 17351 2.27 5.52 0.74 
48 10372 11216 -7.52 10451 -6.82 0.0 10897 -2.84 2.05 0.92 
49 33442 34083 -1.88 32724 -3.99 0.1 33802 -0.82 6.31 7.54 
50 45469 46076 -1.32 48316 4.86 0.3 47301 2.66 9.93 5.94 
51 47894 49206 -2.67 51877 5.43 0.5 49352 0.30 10.23 6.55 
52 14413 17221 -16.31 17518 1.72 0.3 16899 -1.87 2.75 0.97 
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Table 5.3a. Quality Distributions from Versions "Fixed Quality" 
and "Fixed . Length" for Test Run "R-134a #32" 
xRoFO 1.0 0.97 0.75 0.50 0.25 0.0 0.0 
Fixed Quality 
xRoFO 1.0 0.97 0.75 0.50 0.25 0.0 0.0 
Fixed Length 
xRoBO 1.0 0.97 .0.75 0.50 0.25 0.0 0.0 
Fixed _Quality 
xRoBO 1.0 0.9699 0.7499 0.4998 0.2496 0.0 0.0 
Fixed Length 
Table 5.3b. Total Condenser Capacity Calculated with Versions 
"Fixed Length" and "Fixed Qu~lity" for Test Run "R-134a #32" 
"Fixed Quality" Version "Fixed Length" Version % Difference 
40410.5 40411.7 0.003 
• • 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
A computer model was developed to simulate a typical air-cooled condenser. Its 
input parameters include air and refrigerant inlet conditions. as well as the 
condenser's geometric dimensions. The condenser length is divided into an 
arbitrary number of modules and a Newton-Raphson solution scheme is 
implemented to solve the residual equations resulting from momentum and 
energy balances across these modules. Several versions of the program were 
tested. two of which are presented in this thesis. These are the "Fixed Length" 
and "Fixed Quality" versions, and as their names suggest. the module lengths or 
the module outlet qualities are determined by the user respectively. In both 
cases, the simulation returns the values of several refrigerant properties at 
the outlet of all modules, the total condenser heat loss and the total refrigerant 
pressure change. In addition, the lengths of each section, superheated. 
condensing and sub-cooled, are calculated. 
The refrigerant side heat transfer coefficients and the refrigerant pressure 
drop are calculated using existing correlations. For the air side heat transfer 
coefficient, the Wilson plot technique was applied to develop a j-factor vs. 
Reynolds number correlation from experimental data obtained by the Full 
Condenser Project. Each module is treated as a separate heat exchanger and 
the amount of heat loss is calculated with the effectiveness-NTU method. 
Cross-checks between the two versions, and an experimental test matrix 
consisting of 18 and 52 data points for refrigerants R-12 and R-134a 
respectively, were used for the model's validation. The condenser capacity was 
based on both the air and the refrigerant side. For the first calculation, the air 
inlet and outlet air temperatures were measured experimentally and a constant 
specific heat was assumed. For the second, the refrigerant enthalpy at the 
condenser's inlet and outlet was evaluated based on the measured temperatures 
and pressures at those locations. The agreement between the two values was 
not good for all test runs, and in general the refrigerant based capacity was 
assumed to be the more reliable result. 
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An additional variable was defined as the ratio between the air temperatures 
before and after both tube rows. It was evaluated by trial and error, in an 
attempt to minimize the error between the simulation and the experimental 
capacity calculations. No relation between this ratio and the parameters 
associated with the air side, such as air inlet conditions and mass flow rate, was 
observed. Its value was therefore assumed constant for a given condenser 
geometry. 
The solution scheme and overall program structure were validated, and the 
advantages of a multi-modular model, as opposed to a three-zone model, were 
confirmed. In addition, the simulation results were compared to experimental 
test matrices for refrigerants R-12 and R-134a. The amount of heat transfer 
was calculated with reasonable accuracy using the j-factor correlation 
developed from experimental data to obtain the air side heat transfer 
coefficients. All simulation capacities were within 25% of the refrigerant 
based capacities. 18 of 18 and 45 of 52 data points corrcspond ing to 
refrigerants R-12 and R-134a respectively were within 10%. The largest 
discrepancies occurred at low capacities, suggesting possible experimental 
errors due to air stratification and the measurement of small air temperature 
differences. 
The refrigerant pressure drops did not compare favorably with experimental 
data. Some of the assumptions made concerning elevation and tube bend 
effects should be examined. In addition, the correlations used to calculate 
pressure changes due to friction and acceleration effects requi re fu rther 
testing, in particular those associated with two-phase refrigerant flow. 
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APPENDIX A 
USER'S MANUAL FOR THE COMPUTER SIMULATION 
The structured nature of the program and the comments added to the original 
code were aimed at facilitating its use. A number of decisions must be taken by 
the user, however, when entering the test run condi.tions and interpreting the 
results. This Appendix provides some suggestions for improving these tasks. 
A.I Program Structure 
The True BASIClM language can be extended using the LOAD command. A file 
containing additional subroutines may be saved and compiled independently 
from the main program and then loaded so that the subroutines in that file 
become pan of the True BASIClM language. This feature was used with two files, 
"nistR12" and "nistR134a", corresponding to the 'general' and the '134a­
specific' NIST subroutines respectively. Unfortunately, a few statements 
associated with the 'general' NIST subroutines must be included at the 
beginning of the main program. The '134a-specific' subroutines, on the other 
hand, may be called directly once the "nistR134a" file has been loaded. 
Subroutines from a separate file may also be called from the main program 
with an alternative command: the LIBRAR Y statement. A number of 
subroutines were collected into a module and compiled as a file labeled 
"Exchanger". This file includes all the subroutines in the following categories. 
as defined in Chapter 4: Heat Transfer, Pressure Change and Property 
subroutines. These subroutines perform very specific tasks and are therefore 
called by both the "Fixed Length" and the "Fixed Quality" versions of the 
program. 
Several simulation parameters are defined as public variables so that their 
values may be available anywhere in the program. One of these public 
variables, VersionS , determines the version of the simulation selected by the 
user. The same main program, whose structure is described in Chapter 4, 
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applies to both versions given their similarity. The only three subroutines 
whose form depends on the program version are: A r r ay I n i , CALCR and 
PropertyUpDate . 
A.2. User's Input data 
A number of parameters, including the geometric dimensions of the 
condenser and the air and refrigerant inlet conditions must be determined by 
the user. These values may be entered into an input file called Data-File., and 
are read from this file by the main program. The advantage of using a 
separate input file is that the main program must not be compiled for every 
simulation run. 
A brief description of each input parameter is included in Data-File, so that 
their values may be modified by the user directly, without the need for cross­
references. Sample versions of this input file are included at the end of 
Appendix B. The input parameters must be currently entered in IP units. An 
improved version of this program should provide the option of using both IP 
and SI units. This could be implemented without altering the program 
structure, by converting the inlet parameters from SI to IP units, and the 
output parameters from IF back to SI units. 
A.I.1. Input Variables for the "Fixed Length" Version 
A few rules regarding the choice of fixed length or quality values must be 
followed. In the input file corresponding to the "Fixed Length" version, the 
lengths of the Nm 0 d modules in each tube row are assigned by the user in the 
order listed below: 
LmodF(1), LmodF(2), ... , LmodF{Nmod-l), LmodB(1), LmodB(2), ... LmodB(Nmod-l) 
The lengths of the last module in each tube, LmodF{Nmod), and LmodB(Nmod), are 
calculated by the program once the total tube length and the rest of the 
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module lengths have been defined. All lengths must be positive and their sum 
should not exceed the total tube length. 
A.t.2. Input Variables for the "Fixed Quality" Version 
A set of rules also applies to the input file associated with the "Fixed Quality" 
version. The input variables for 'this case consist of the refrigerant quality 
values at the exit of all modules except for the last one in each tube row. They 
are entered by the user in the following order: 
xRoF(1), xRoF(2), ... , xRoF(Nmod-l), xRoB(1), xRoB(2), ... , xRoB(Nmod-l) 
The quality values must be in descending order, chosen from the range 
[Xin,xoutl where Xin and Xout are the inlet and outlet refrigerant qualities of the 
condenser respectively. If the inlet refrigerant is superheated. it is 
recommended that xRoF(l) and xRoB (1) be set equal to 0.97 so that the second 
module is recognized by the program as having two-phase refrigerant. The 
choice of 0.97 is arbitrary, and was used instead of 0.999 because the two-phase 
heat transfer and pressure correlations are not accurate for quality values too 
close to unity. When the inlet refrigerant is condensing. on the other hand. 
the choices for xRoF(l) and xRoB (1) are arbitrary as long as they are lower 
than the inlet quality. 
A similar approach is recommended with regards to the outlet conditions. The 
program is run first with a quality distribution such that xR 0 F (N mod - 1 ). 
xRoF(Nmod), xRoB(Nmod-l) and xRoB(Nmod) are zero. The objective is to ensure 
that the last module has only sub-cooled refrigerant. 
If the conditions are such that no sub-cooling occurs in one or both of the two 
tube rows, the program prints a warning message after converging to an 
incorrect result. It is important to recognize that the Newton-Raphson method 
does not take into account the physical meaning of the variables involved and 
may therefore converge to a solution even if some of the calculated quantities 
have negative values. In that case. the quality at the outlet of module (Nmod-l) 
of the tube row or rows that do not reach sub-cooling should be set equal to a 
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value larger than the outlet quality. The results obtained after convergence 
with the warning message may be used to get an estimate for the outlet quality. 
In general, the three situations encountered are: sub-cooling in both tubes, 
sub-cooling in the front tube only and no sub-cooling at all. If there is sub­
cooling in the back tube, there is always sub-cooling in the front one because 
more heat is exchanged by the front tube with the air. This is due to the fact 
that the air is warmer when it reaches the back tube after it has received heat 
from the front tube. 
A different warning may appear on the screen if the quality at the exit of 
module (Nmod-l) for anyone of the two tubes was set equal to a value larger 
than zero and the outlet quality was found to be zero. The message 
recommends setting the quality equal to zero at the exit of module (Nmod-l) of 
that tube in order to avoid errors associated with transition modules. 
A.3. Program Output 
Print statements are restricted to subroutines NR ,PrintArray and 
PrintResults. The values of the Newton-Raphson variables and the 
corresponding residuals may be printed by NR for every iteration. 
Subroutine PrintArray prints the storage arrays, listed in Table 2.1, and 
calculates the average outlet air temperature. Finally, subroutine PrintResults 
calculates and prints several parameters including the capacity of each coil, 
the percentage of tube length in the condensing region, the total capacity of 
the condenser and the total pressure drop. Samples of the input and output 
files associated with the program are included at the end of Appendix B. 
A public variable, comment , determines the amount of results that are 
printed. The possible values of this variable and the number of comments 
printed associated with each one are described in D a taF i l e. Comments are 
printed on the screen as well as on an output file called "Results-File " 
• 
During the validation of the simulation, it was important to observe the 
change in the Newton-Raphson variables and their corresponding residuals 
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with the number of iterations. For this purpose, ~ubroutine PreparePlot was 
developed. This subroutine, which may be called or not depending on the 
value of the public variable Spreadsheet , prints the XO and RO arrays on a 
separate file that is compatible with commercial graphing packages. 
The results currently printed show some of the simulation's potential 
applications, but more information is available if necessary. All the results 
are stored in arrays and it would be a simple task to modify the P r i ntRes u Its 
subroutine in order to obtain more data. 
A4. Use of the Program 
The following steps must be followed in order to run the simulation program: 
[1] Make sure that file "Data-File", "Simulation*", "Exchanger*", 
"nistr12*" and "nistrI34a*" are all in the same folder. The TrueBasic™ 
compiler may be stored in a' separate folder. 
[2] Click on the "Data-File" icon and enter the values of the simulation 
input parameters. 
[3] Save and quit "Data-File" , both options under the 'File' menu, and 
open "Simulation*". It is recommended to move from file to file by 
choosing the 'Open' option from the 'File' menu. The other alternative, 
quitting the current file and opening the "Results-File", is 
inconvenient because the "nistr12*" and "nistr134a*" files must be 
loaded again in order to re-run the simulation. The '*' at the end of a 
file name indicates that the file has already been compiled. The 
original program may be modified by opening the file "Simulation". If 
any changes are made, this file must be saved a'nd compiled, and its 
compiled version must also be saved. It is important to note that the 
compiled version is saved as a separate file. 
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[4] After opening the "Simulation*" file, files "nistr12*" and 
"nistr134a*" must be loaded before the program is run. This may be 
done by opening the 'command' window, an option under the 'Windows' 
menu, and typing "Load nistrI2*" and "Load nistr134a*". The order in 
which these two statements are entered is not important. It takes a few 
seconds to load each file, depending on the computer used. 
[5] After the two files have been loaded, the program may be run by 
selecting the 'Run' option from the 'Run' menu. The statement 
"Program started!" will appear on the screen as the execution begins. 
The termination of the program is announced by a series of 'beep' 
sounds. 
[6] The simulation results are sent to an output file called "Results-File", 
which may be opened with the 'Open' option as suggested above. The 
results corresponding to a particular run may be saved by opening 
"Results-File" and saving it under a different name using the 'Save as' 
option from the 'File' menu. This must be done before re-running the 
simulation, because "Results-File" is cleared before every run. 
[7] The simulation results are also printed on the screen. They can be 
monitored with the 'Output' window, an option under the 'Windows' 
menu. In general, it is necessary to open the "Results-File" file because 
only those results that fit on the screen may be viewed on the output 
window. Another alternative is to watch the screen as the program 
runs and use the 'Pause' and 'Continue' options from the 'Run' menu in 
order to read all the print statements as they appear on the screen. 
118 
APPENDIXB 

COMPU1ER PROGRAM LISTING 

(AVAILABLE UPON REQUEST) 

